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Executive Summary 
 
Unlike Turnout Gear, the significance of Station Wear (i.e. daily work wear) and the 
protection that it provides, has been largely overlooked by researchers, Fire Services and 
firefighters. Station Wear refers to the middle clothing layer in the protective ensemble worn 
by Structural or Wildland firefighters. Consisting of the shirt and pants worn daily by 
firefighters to perform their duties in and around the fire station, it should provide protection 
from hazards encountered during non-primary firefighting operations. 
 
An evaluation of the current materials used in Australian Station Wear confirmed 
inconsistencies in their fire-protective performance. Studies have also highlighted the need for 
improved heat and moisture transfer capabilities through protective clothing materials worn 
next-to-skin, to assist human thermoregulation and reduce firefighter activity-related 
hyperthermia and fatigue. The purpose of this research was to develop a new fabric suitable 
for firefighting Station Wear to improve heat and flame resistance, durability, strength, and 
thermal comfort performance properties in a light-weight alternative to current commercial 
choices. 
 
Eight Station Wear woven fabrics were developed using a common aramid warp and different 
weft yarn blends of Nomex®, FR Viscose and merino to achieve a range of desired 
properties. Because no performance-based Australian Standards specifically apply to Station 
Wear materials, the quality and performance of the eight Experimental fabrics were evaluated 
against a selected Commercial Control fabric (MCA), using selected Standard tests intended 
for outer-shell (Turnout) materials. These identified the best-candidates for Station Wear or 
work applications where fire-protective capability is important. 
 
A variety of strength, flammability and comfort tests were performed before and after UV 
irradiation. Results indicated that fibre composition, yarn strength, weave structure, and fabric 
weight mainly influenced these properties.  
 
By incorporating hygroscopic fibres (merino and FR Viscose) into aramid blends, results 
showed that it was possible to improve the Experimental fabrics' thermo-physiological 
comfort properties beyond those of the Commercial Control. Differences observed for the tear 
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and tensile strengths between the un-irradiated Commercial and the Experimental fabrics were 
attributed to the effects of fibre blend, weft yarn strength, and weave structure. 
 
Subsequently, the weaker merino weft yarns in some Experimental fabric blends (B2 and C1) 
showed tensile strength loss, as well as significant reductions in fire-resistance properties 
compared with other samples, readily igniting and continuing to burn in contrast to their 
common aramid warp. The Commercial MCA fabric's inherently weaker warp/weft yarn 
showed a decreased tear strength, especially in the weft direction.  
 
Since minimum Standard strength requirements based on outer-shell (Turnout) materials were 
regarded as somewhat in excess for Station Wear requirements, the reduced tensile strengths 
of the un-irradiated Experimental fabrics and the reduced tear resistance of the un-irradiated 
Commercial MCA fabric, were not as bad as they may have initially appeared. Nonetheless, 
the need for a new Work Wear Standard for Station Wear materials to clearly define fabric 
performance requirements, was evident. 
 
Two of the eight best-performing Experimental Station Wear fabrics progressed to further 
testing. Those identified as B1W2 and B3W2 were selected because they exhibited very 
good-to-excellent fire-resistance, tear strength and thermo-physiological comfort properties, 
superior to those of the Commercial Control. It was found that fibre composition greatly 
influenced the Convective Heat Resistance (CHR), with minimal heat shrinkage in the 
Commercial MCA, B1W2, and B3W2 fabric blends attributed to the relatively high thermal 
stability of Nomex®. The absorption, spreading, and liquid moisture transfer properties 
(Moisture Management Tester) of all three fabrics supported evaporative heat loss, increasing 
moisture movement and heat transmission through the material to the outer environment. The 
B1W2 and B3W2 fabrics were both influenced by their blend and 2/1 twill weave structure, 
indicating that they would be more comfortable in maintaining thermo-physiological comfort 
in hotter climates, compared with the Commercial MCA fabrics blend and plain weave 
structure.  
 
Effective user-friendly Station Wear required consideration of durability and service life. 
Initial UV testing confirmed considerable tensile strength loss in the Commercial MCA fabric 
after just 14 days exposure. Subsequent UV irradiation of the Commercial MCA, B1W2, and 
B3W2 fabrics, subjected to a single, 14 day exposure using an artificial light source (500 W, 
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MBTF), was followed by two significant assessments of the tear and flame performance of 
these three fabrics. 
 
It was confirmed that UV radiation negatively impacted not only the mechanical properties of 
the Commercial, and the two Experimental aramid-blend fabrics tested, but also their 
flammability performance. Generally, UV-induced degradation increased in fabrics with 
higher meta-aramid blends. Prior to UV irradiation, B1W2 and B3W2 outperformed the 
Commercial MCA fabric. Post-exposure analysis confirmed the premature mechanical failure 
of all three fabrics, which fell below the minimum Standard requirements demanded for 
Turnout Gear. However the compromised flame performance was more significant in the 
Experimental fabrics due to their common aramid warp being partially degraded by the UV 
irradiation. 
 
The amount of UV radiation absorbed by protective materials differs with exposure and usage 
conditions. Therefore, replacing Station Wear based only on the number of years in-service 
unnecessarily places the firefighters at risk of injury, especially since such protective work 
wear is worn daily and laundered frequently. To objectively define a useful lifetime for each 
separate uniform before mandatory replacement, it was recommended that test methods or 
procedures pertaining to fabrics that contain a UV-sensitive component be implemented into 
existing firefighting PPC Standards, to periodically asses the protective performance of these 
fabrics once in use. 
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Chapter 1: Purpose of the Study 
 
1.1 Objectives of study  
A typical Australian firefighting protective ensemble consists of three clothing layers: Base 
layer (i.e. undergarments or thermal protectors); Middle layer (i.e. Station Wear uniform)  and  
Outer-shell layer (i.e. Turnout or 'Bunker' Gear). These layers provide protection to the 
upper/lower torso, neck, arms and legs. This thesis will concentrate on the middle  protective 
clothing layer, Station Wear. As the work uniform worn daily by career firefighters to 
perform their duties, Station Wear provides protection from potential hazards encountered 
during non-primary firefighting operations, as well as forming the secondary layer of 
protection when worn underneath Turnout Gear. 
 
The disadvantage of wearing multilayered Personal Protective Clothing (PPC) for firefighting 
is that it leads to an internal heat build-up, elevating core body temperatures that jeopardise 
firefighter health. This is exacerbated by hot, humid climates and working environments 
where, in some parts of Australia, temperatures can exceed 40 degrees Celsius (°C) on 
successive days during summer months (Pink 2012; Trewin 2004). 
 
Taking into consideration the impact of the Australian climate on firefighter physiological 
response, the purpose of this study is to produce a fabric suitable for Station Wear that is 
better than anything currently commercially available, since a number of existing Station 
Wear fabrics are missing appropriate fire performance criteria and there appears to be no 
Australian Standard for them.  
 
In general, the availability of woven single-layer, heat-resistant fabrics for firefighting Station 
Wear is limited, with materials providing either thermal protection or wear comfort, but rarely 
both properties simultaneously. Given that the fabric performance requirements for 
firefighting Station Wear are not clearly defined because current Australian Standards only 
specify fabric and/or garment performance requirements based on outer-shell (Turnout) 
materials only, inconsistencies have emerged in the current level of fire protection offered by 
Australian fire brigades. Perhaps more concerning is that some volunteer fire brigades utilise 
Station Wear uniforms containing untreated natural and synthetic fabric blends, that are 
susceptible to ignition or melt hazards upon contact with high heat and flame.  
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The threat of injury during emergency response is not limited to situations requiring Turnout. 
Station Wear materials should therefore possess high-performance properties even beyond 
simple resistance to fire. Station Wear fabrics need to be thermally stable, as well as being 
able to assist in the management of excess moisture from firefighter perspiration or water 
from fire ground activities. This is significant for protecting the wearer from further grievous 
bodily harm whilst wearing multilayered PPC.   
 
Extended periods of low-level thermal exposures during routine and hazardous work, 
combined with the presence of moisture, may compound burn and moisture-related burn 
injuries (i.e. steam burns) that result from stored thermal energy within a firefighter's 
protective ensemble (Barker 2005). Furthermore, the current burden of heat stress under 
which firefighters work is complicated by heavy fabric weights and restricted moisture-
vapour permeability. Thus, Station Wear fabrics would benefit from being light-weight to 
facilitate clothing comfort and fabric breathability.  
 
Despite excellent mechanical and chemical properties, high-performance fibres (e.g. meta-
aramid, para-aramid, PBI®) are being extensively used within protective clothing, however 
they are sensitive to ultraviolet (UV) light exposure. With Australia's warming climate 
increasing both fire risk and exposure to harsh environmental conditions, significant decreases 
in the durability and service life of protective clothing is likely upon exposure to UV 
radiation.  
 
The Experimental Station Wear fabrics to be developed will utilise natural, fire-resistant (FR) 
manmade cellulosics, and high-performance heat-resistant synthetic fibres blended in 
different ratios to obtain optimal protective, strength and comfort properties. Blending will be 
achieved using intimate fibre blends to make yarns, and yarn blending (i.e. union blends) 
during fabric construction. The yarns will be woven into fabrics most suitable for mid-layer 
Station Wear and tested to measure their fire-resistance, strength and moisture management 
properties. Further testing will be carried out on the best-candidate fabrics, irradiated by 
suitable UV sources to determine the effect of material aging on their protective and 
mechanical performance properties.  
 
While it is recognised that knitted fabrics may have their place in firefighting PPC, especially 
for undergarments, from the point of view of fire performance, strength and presentation, 
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woven fabric constructions appear to be more suitable for work wear applications. Hence, this 
study is concerned with developing and testing a range of functional, woven Station Wear 
fabrics designed to enhance flame protection, durability and thermo-physiological comfort 
properties. In trying to improve all three aspects, a compromise in the properties of fabrics 
developed would be very likely. 
 
The six specific objectives of the present study are: 
1. To design and produce functional samples of woven single-layer, fire-resistant fabrics 
made from natural, FR man-made cellulosics, and high-performance synthetic blended 
yarns.  
2. To determine the physiological consequences and health risks associated with wearing 
PPC in hot, humid environments in relation to metabolic heat production and physical 
work for firefighters trying to maintain the balance between protection and comfort, 
and its implication on the required Station Wear fabric properties. 
3. To gain insight into the relationship between a fabric's fire-resistance, strength and 
thermo-physiological comfort properties and the fibre/yarn composition, fabric 
construction and weight of woven fabrics designed for Station Wear. 
4. To determine the most appropriate test methods used to evaluate fabric performance 
from current AS/NZS Firefighting PPC and work wear Standards, and measure the 
fire-resistance, strength and thermo-physiological comfort properties of woven Station 
Wear fabrics accordingly. 
5. To identify areas of improvement by establishing the properties of current Station 
Wear fabrics used by Australian Fire Services. 
6. To gain insight into the relationship between UV exposure and material aging on 
fabric durability for environments with strong sunlight, in terms of flame-resistance 
and strength retention properties for secondary protective materials containing aramid 
fibres.  
 
1.2 Research questions  
To meet the research objectives, the following questions will be addressed: 
1. What are the physiological consequences for firefighters wearing multilayered PPC in 
hot environments?  
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2. What are the required fibre and fabric properties for firefighting Station Wear, taking 
into consideration the necessary levels of protection, comfort and compatibility 
between protective clothing layers? 
3. What fabric properties relate to maintaining thermo-physiological comfort for Station 
Wear?  
4. What fabric constructions are best suited to the performance of Station Wear and the 
environments encountered? 
5. Do current Firefighting PPC Standards AS/NZS 4824:2006 (Wildland firefighting) 
and AS/NZS 4967:2009 (Structural firefighting) and test methods, satisfactorily 
address fabric performance properties for Station Wear?  
6. What effect does UV irradiation have on the mechanical (e.g. tear resistance) and 
protective (e.g. flame-resistance) performance properties of firefighting Station Wear 
fabrics?  
7. Does the resulting fibre, yarns and fabric composition of Experimental Station Wear 
fabrics provide better performance when compared to the existing Commercially-
obtained fabric? 
 
1.3 Limitations of study   
The limitations of this research include: 
 The fabrics intended for Station Wear in this research are limited to the middle layer 
of a firefighter’s protective ensemble (i.e. secondary PPC). 
 The Commercially-obtained Master Control A (MCA) fabric utilised for this study 
was selected based on market availability and end use suitability. The choice of one 
commercially-obtained fabric instead of multiple options will help to control the 
volume of test data, thereby allowing direct comparisons to be made between the 
Commercial MCA fabric and the Experimental fabrics during test result analysis. 
 Intimate fibre blending was not possible due to cost and availability issues. The reality 
of obtaining intimately-blended yarns with set criteria (e.g. specialty fibres/blends, 
yarn count and quantity) for research work posed difficulties in that suppliers were not 
willing to cooperate unless it was of commercial benefit to them. To fulfill the 
researcher’s request, the desired yarns and those intimately-blended will be sourced 
from local and overseas suppliers.  
 Due to third-party dependence, common warp yarn selection will be based on stock 
and loom availability within the weaving schedule. Warp yarn selection will also 
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consider yarn suitability to achieve the desired end fabric properties according to 
preset machine specifications (e.g. reed width (RW), maximum end and pick densities, 
number of shafts available to weave fabric designs), lead time and cost.  
 To not over impose on third-party weavers, the researcher may have to accept smaller 
woven sample lengths that leave little room for error in terms of the number of tests 
and retests that could be performed. To improve test accuracy, test specimens will be 
cut from the same location in each fabric roll.  
 Testing is limited to single-layer woven fabrics, not garments, on a laboratory scale.  
 In the absence of an Australian Standard for firefighting Station Wear, the most 
appropriate test methods will be selected from existing Firefighting PPC Standards 
AS/NZS 4824:2006, AS/NZS 4967:2009, and Industrial Clothing Standard AS 2919-
1987 to evaluate minimum fabric performance requirements. 
 The outsourcing of ISO 17493-2000 Convective Heat Resistance (CHR) testing 
limited the availability of specified test pre-treatments according to AS/NZS 
4824:2006. In addition, CHR required testing before and after pretreatment 
procedures, essentially doubling testing costs per fabric. Thus, time and cost 
constraints negated pre-treatment selection. Due to smaller fabric lengths, retesting 
was not a viable option and test specimen sizes were modified to comply with 
Standard. 
 Quantitative tests are not provided in current Standards to decide when firefighting 
PPC should be retired before general, visible wear and tear clearly compromises the 
structural integrity of protective garments (e.g. damage from flame exposure, 
formation of holes, tears, abrasion etc). The investigative test methods and parameters 
used in the accelerated UV degradation experiment will be left to the discretion of the 
researcher to evaluate what effect, if any, thermal aging would have on the protective 
performance of Station Wear fabrics containing aramid fibres. 
 For the accelerated UV degradation experiment, outsourcing was necessary so that 
selected fabrics could be simultaneously exposed on multiple-sample exposure drums, 
using a 500 W Mercury Tungsten Filament, Internally Phosphor-Coated lamp (i.e. 
MBTF lamp). Due to different laboratory procedures, useable fabric test lengths had to 
be reduced, thereby affecting the number of test specimens that could be cut for 
irradiated Limited Flame Spread and Tear Resistance testing. 
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1.3.1 Delimitations  
The delimitations of this research include: 
 Despite focusing on fabric performance rather than garment design and fit, 
Experimental Station Wear fabrics will be designed and woven with the consideration 
that they may be turned into garments (e.g. Station Wear trousers or shirts). 
Ergonomic aspects including compatibility of protective clothing layers can therefore 
impact fabric protective performance and wear comfort properties.  
 Physical, physiological and psychological factors all contribute to clothing comfort. 
Thermo-physiological wear comfort was the primary focus because it relates to 
metabolic heat and moisture transport processes through the clothing material, directly 
affecting thermal homeostasis. 
 Test methods requiring seamed test specimens to mimic garment construction were 
considered initially, but later omitted due to their evaluation of garment performance 
rather than fabric performance properties (e.g. ISO 15025:2000 Procedure B).  
 Taking into account possible restrictions on the amount of fabric that the weaving mill 
could provide and limited access to testing equipment and qualified staff, only the 
best-candidate fabrics from Stage One Limited Flame Spread testing (i.e. ISO 
15025:2000 Procedure A) would be progressed to Stage Two for further testing. 
 To thermally-age Station Wear fabrics in a timely and reproducible manner, an 
artificial light source (i.e. 500 W MBTF lamp) was selected to simulate natural 
sunlight exposure compared to natural weathering processes. Minor spectral 
differences between daylight and artificial light exist as different light sources emit 
different wavelengths. The results obtained from irradiated fabrics cannot fully 
represent actual service conditions. 
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Chapter 2: Background Research 
 
2.1  The need for a study into Station Wear  
As a result of previous research conducted on firefighting Turnout during a third year Degree 
topic, and later from working in the field of firefighting Personal Protective Clothing (PPC), 
concerns regarding the protection and comfort of firefighting Station Wear uniforms were 
brought to the attention of the researcher. Issues raised called into question the protective 
capabilities of current uniforms that lacked adequate fire-resistance, and their fitness-for-
purpose in terms of durability and wear comfort. Feedback from both male and female 
firefighters revealed similar safety and comfort concerns. 
 
Nowadays, the responsibility for first response to emergencies by firefighters other than for 
fire, has broadened to include a wider range of hostile environments, with new risks and these 
new firefighter work scenarios affecting the subsequent selection of appropriate protective 
clothing materials (Shaw 2005).  
 
Presently, very few single-layer, fire-resistant (FR) fabrics exist in Australia that are 
specifically designed and marketed for firefighting Station Wear with both protection and 
comfort in mind. The majority of existing FR, woven fabrics are aimed towards outer-shell 
(i.e. Turnout Gear) applications that are unsuitable for everyday work wear scenarios.  
 
The increased use of primary protective fibres such as Nomex® and Kevlar® that have been 
typically reserved for Turnout, proves problematic in Station Wear due to these fibres 
suffering from ultraviolet (UV) degradation. While extensive research has been done to 
develop and continually improve the performance and functionality of Turnout, few studies 
are available on how these protective materials perform once they age. Taking into 
consideration the impact of the Australian climate on firefighter physiological response in 
regards to the management of internal and external heat and moisture, the scope for continued 
work into this area seemed to be a natural progression. 
 
Turnout Gear is worn over Station Wear in order to provide the primary protection required 
during firefighting operations, for a limited period of time. At the very least, Station Wear 
should provide a standard of work wear that will not contribute to injury during a fire, or 
become an obstruction when firefighters are required to don their Turnout. In the event that 
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Turnout becomes compromised during these primary firefighting activities, the flame 
performance and strength capabilities of inner protective clothing layers then become crucial 
to safeguarding the firefighter from further injury. While the actual design of Station Wear 
garments is outside the scope of this thesis, the design performance may well affect the 
comfort performance of the garment materials.  
 
Bearing in mind that Station Wear is worn by both Structural and Wildland career firefighters 
for general use around the fire station, on calls that do not require full Turnout to be worn, and 
as part of their complete multilayered protective ensemble, consideration must be given to 
volunteer firefighters who are equally under threat and require some form of Station Wear 
with certain minimum performance criteria for protection. This would ensure that when called 
out to an emergency, flammable clothing is not worn by volunteer firefighters underneath 
their pre-supplied Turnout. Therefore, Station Wear is required for both Structural and 
Wildland firefighting applications, and by implication, also for volunteers. Depending on 
workplace risk assessments, this research may also be applied to professions other than 
firefighting who require robust, FR secondary protective work wear. 
 
This chapter will discuss the most relevant issues that must be considered for the development 
of future Station Wear fabrics.  
 
2.2 Fire and the changing Australian climate 
2.2.1 Australia and El Niño Southern Oscillation (ENSO)  
Australia is a diverse country and its climate varies widely from region to region. Across 
southern Australia and extending into southern Queensland, menacing annual bushfires may 
often be exacerbated by the effects of El Niño, bringing with it extended periods of drought 
and disastrous consequences for farming and agriculture (Pink 2010). Despite the long-term 
effects of Global warming, and the short-term climatic influences from the El Niño Southern 
Oscillation (ENSO), the continent of Australia remains most affected by the seasonal 
anomalies (Bureau of Meteorology 2012; Pink 2010; Trewin 2004). 
 
The ENSO phenomenon in relation to bushfire outbreaks may be linked to such catastrophic 
bushfire events including Black Friday (13 January, 1939), Ash Wednesday (16 February, 
1983) and Black Saturday (7 February, 2009), all of which shared similar fire weather 
conditions leading up to these events. All three cases were preceded by extended periods of 
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drought during the winter and spring, and exceedingly high temperatures from hot northerly 
winds which came from the interior of the continent (C Lucas [Bureau of Meteorology, 
Victoria] 2009, pers. comm., 12 May). 
 
Bushfire is a natural occurrence in Australia. The likelihood and severity of bushfire is not 
restricted to ENSO climatic events, however both weather and climate are influencing factors 
in creating optimum fire weather conditions.  
 
As a consequence of escalating global GHG concentrations and CO2 levels, rising global 
surface temperatures are set to continue by 1.1°C to 6.4ºC from 1990 to 2100 (Department of 
Climate Change 2007, p. 7). Simulated emission scenarios (SRES) in the Intergovernmental 
Panel on Climate Change Third Annual Report (IPCC's TAR) support CSIRO 2030 
projections of annual average temperatures, whereby most climate regions in Australia will 
rise by 0.4 to 2.0°C (Australian Greenhouse Office 2005, p. 7; Department of Climate Change 
2007, p. 7; Pink 2010; ed. Pittock 2003).  
 
With more extreme heat cycles and fewer cool extremes, the annual number of record hot 
(35°C) and very hot (40°C) days across Australia is continuing to rise, especially over the last 
20 years (Figure 2.1) (Hughes & Steffen 2013). Subsequently, Australia's capital cities are 
also recording warmer-than-average annual maximum temperatures and are therefore 
experiencing longer, hotter heatwaves (Bureau of Meteorology 2015, p. 4; Bureau of 
Meteorology 2013; Steffen 2015).  
 
 
Figure 2.1 Number of days that Australian mean temperatures have averaged in the warmest 
one percent of records (Bureau of Meteorology & CSIRO 2014, p. 8). 
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Despite considerable regional variation, mean temperatures across Australia are expected to 
increase resulting in drier climates inland (Hughes & Steffen 2013, p. 32). Significant 
increases in annual cumulative FFDI (i.e. the occurrence and severity of daily fire weather 
across the year) observed inland in the Southeast from 1973-2010 are expected to continue 
(Hughes & Steffen 2013, p. 55; Nicholls 2008). Consequently, both the frequency and 
severity of fires within the Australian landscape (particularly southern and eastern Australia) 
are likely to increase due to a projected increase in the number of fire weather days, inter-
decadal climate variability and the current availability of fuel (Bureau of Meteorology & 
CSIRO 2014; Bushfire Cooperative Research Centre 2008; Steffen 2015; Trewin 2004).  
 
The Bushfire Cooperative Research Centre (CRC) is investing research into past fire weather 
and extreme fire event data, to increase knowledge on fire regimes and fire weather by 
evaluating potential side effects of CO2 in the atmosphere (Bushfire Cooperative Research 
Centre 2008, p. 3; ed. Pittock 2003, p. 65-6). If climate change continues with the current 
trend, then it is likely that these sorts of bushfire events will become more common and 
horrendous. 
 
Hence, new challenges and threats are posed for fire and emergency service workers. In rural 
communities where populations are not as significant, Handmer et al. (2013) suggest an 
overly-heavy reliance on volunteer services. Besides the poor protection currently provided 
by Station Wear uniforms for career Structural and Wildland firefighters, volunteer 
firefighters are at higher risk of injury since clothing worn in place of formal Station Wear is 
not regulated or pre-supplied along with Turnout. Additionally, volunteer firefighters are 
more likely to experience health issues because they are not closely monitored, and their 
ability to keep up the work rate is under question because of their training and fitness. 
 
2.2.2 Comparison between Australia's fire climate and other countries  
New threats are being posed for firefighters and emergency service workers, not only by the 
rise of potential health hazards, but also in the way fires are normally suppressed. Studies 
reveal south-eastern Australia is one of the three most fire-prone countries in the world 
(Bushfire Cooperative Research Centre 2008; South Australian Country Fire Service 2007).  
 
Unlike Australia and the USA where fire-prone environments are similar but vegetation 
differs, the United Kingdom predominantly experiences grass and woodland fires, whilst 
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south-eastern Australia experiences similar weather conditions when compared to 
Mediterranean climates (Fox-Hughes 2008; Willis 2004). Known as the 'urban heat island' 
effect, warming temperatures in Australia are being amplified by growing infrastructures 
within greater metropolitan areas. Temperatures in Victoria are predicted to rise more rapidly 
than global averages. According to the IPCC Forth Annual Report released in 2007, CSIRO 
projects that Victoria will experience 5-40% increase in extreme fire weather days by 2020 
(Victorian Climate Change Adaption Program 2008). Thus, Victoria is among three of the 
most bushfire prone areas in the world, closely followed by California and the French Riviera 
(Forecast for disaster-the weather behind Black Saturday 2009). Minimal rainfall during 
winter and spring months present opportunities for fuel growth, while dry summers 
aggravated by drought increase flammability with volatile vegetation (e.g. eucalyptus) that 
facilitate fire danger conditions (Willis 2004).  
 
In Australia, heat waves cause more loss of life compared to any other natural disaster, 
thereby putting additional strain on emergency and health services (Hughes & Steffen  2013; 
Steffen 2015). Handmer et al. (2013) highlight the apparent vulnerabilities of Australia's 
emergency service sectors to adequately manage potential health hazards and fatalities 
associated with extreme weather events. Australian Fire and Emergency Services must 
therefore acknowledge that surging temperatures will inevitably increase the incidence of 
extreme weather events, and heat-related illness and death, especially amongst the growing 
and ageing population (Australian Greenhouse Office 2005; Department of Climate Change 
2007, p. 17; Department of Climate Change n.d.; ed. Pittock 2003, p. 14). It would appear that 
natural disasters become exaggerated by changes in climate and that the human element is 
almost always a certainty.  
 
Although fundamental to firefighter safety, Personal Protective Clothing (PPC), particularly 
Turnout, is constructed using outer-shell materials complex in both design and construction to 
maintain protective performance and mechanical longevity for hostile working environments. 
Serving as the firefighter's frontline of defense, Turnout Gear has a tendency to restrict the 
thermal transport of heat and moisture. This is made worse by hotter climates and the 
combined weight of protective clothing materials, that reduce worker productivity and 
increase the possibility of heat storage, cardiovascular strain, discomfort and fatigue (Aisbett 
& Nichols 2007; Kjellstrom, Lemke & Holmer 2009; Smith & McDonough 2009). Thus, 
adaptive measures to reduce the effects of firefighter heat stress must be tackled within the 
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secondary protective clothing layer, without compromising the robustness or the protective 
work wear properties of the uniform itself. This may be achieved in part, by lightening Station 
Wear fabric weights.  
 
Whether professional or volunteer, local or international, firefighters operating in similar 
climates are likely to experience similar issues relating to the protective and thermal 
performance of their Station Wear. In general, the way in which firefighters interact with their 
protective clothing is important since it has the ability to influence task efficiency and the 
general health and wellbeing of the wearer. Thus, the proposed research would have relevance 
for overseas countries, particularly in the Mediterranean and the west coast of the USA where 
fire regimes may be different, but the need for protection for firefighters will be the same.   
 
2.3 Heat as a hazard to human health 
2.3.1 Environmental stress and protective clothing 
The spike in heat-related illness and death across many Australian cities during the hottest 
parts of the year may be attributed to warming temperatures, and the occurrence of excessive 
heat waves (Kjellstrom, Lemke & Holmer 2009; Nicholls 2008; ed. Pittock 2003, p. 143-5).  
 
Consequently elevated environmental temperatures add to existing high-intensity thermal 
environments encountered by firefighters, exposing them to a range of heat disorders 
pertaining to radiation, convective and metabolic heat whilst wearing multilayered 
Firefighting Protective Clothing (FPC). Brotherhood (2008), Budd (2001a) and Laing and 
Sleivert (2002) suggest firefighters would benefit from sustaining a degree of thermal 
tolerance in both heat and exercise to reduce the likelihood of heat stress whilst working in 
hot, humid environments. Conversely, Taylor (2006) reports the practical limitations of heat 
adaptation and pre-cooling for workers wearing encapsulating garments, where elevated 
sweat, but not elevated evaporation rates, are associated with greater thermal discomfort.  
 
As the level of thermal risk increases, tolerance times generally decrease, adversely affecting 
work performance depending on the nature, duration and intensity of the thermal stress 
endured. Psychologically, firefighters automatically adjust their behaviour either consciously 
or subconsciously to limit adverse heat exposure. However physiological changes to cope 
with heat are more complicated, relating to work load, type of protective clothing worn, 
individual sweating behavior, metabolic rate and physical fitness (Budd 2001b; Office of the 
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Deputy Prime Minister 2004; Taylor 2006). In assessing risk for firefighters who perform in 
the heat, Kalyani and Jamshidi (2009) found both environmental and physiological heat stress 
to be important considerations.  
 
Thermoregulation of the human body is further complicated by individuals working in hot, 
humid climates. Since primary sources of heat stress include physical exertion, excessive 
sweating and physiological strain, thermoregulation is further impeded once firefighters don 
Personal Protective Clothing (PPC) and Self Contained Breathing Apparatus (SCBA), 
representing additional loads for the firefighter. 
 
Multilayered PPC can refer to the Turnout system (i.e. outer-shell material, moisture barrier 
and thermal liner respectively, counting from the exterior to the interior of the garment), or to 
a multilayered system of clothing composed of base, middle and outer garment layers (Black 
et al. 2005; Burov 2006; Laing & Sleivert 2002). Since current Australian firefighting PPC is 
worn in multiple clothing layers to enhance durability and protection against hazardous 
materials and extreme environments, the total ensemble weight is significant.  
 
Consequently, energy expenditure and metabolic load increase due to the bulk and discomfort 
of insulating protective garments, whilst moisture permeability and range of movement 
(RoM) decrease. Bishop (2008) and Rossi (2003) argued that cognitive and physical 
performance may become impaired once core temperatures rise, lowering productivity and 
increasing the risk of accident and fatigue. 
 
Furthermore, stored internal heat energy elevates skin and core body temperatures during and 
after firefighting operations, leading to greater cardiovascular strain, thereby causing blood 
pressure to fluctuate and heart rates to elevate. These increase the risk of heat collapse or a 
cardiac event (Aisbett & Nichols 2007; Carter et al. 2007; Hughes & Steffen 2013, p. 60; Li 
2005; McLellan & Selkirk 2006). As clothing temperatures rise due to external heat sources, 
accumulated moisture from sweat and water spray can vaporize, leading to scald or 'steam 
burn' injuries, thereby changing the heat capacity and thermal conductivity of protective 
clothing (Burov 2006; Lawson 1996; Lawson & Vettori 2002; Rossi 2005). As a result, the 
wearer is subject to considerable cardiovascular and thermoregulatory stress, restricting the 
cooling process by limiting heat dissipation and the evaporation of sweat (Hanson 1999; 
McLellan & Selkirk 2006; Selkirk, McLellan & Wong 2004).  
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With metabolic heat and heat stress emerging as predominant hazards particularly in a 
firefighters structural ensemble, finding a balance between the essential protective role and 
potential limitations that this protection can impose on physiological functioning is 
challenging (B Aisbett [Faculty of Health, School of Exercise and Nutrition Sciences Deakin 
University] 2009, pers. comm., 18 June); M Tarbett [Country Fire Authority, Victoria] 2009, 
pers. comm., 1 May). 
 
Although heat and fire protection are paramount to a firefighter's protection, addressing these 
hazards means properties such as breathability and comfort may be less well satisfied 
(Horrocks 2005). 
 
The implementation of work and rest guidelines (e.g. rest, rotation of crews and minimum 
manning levels) are common firefighting practices used to alleviate the effects of wearing 
protective ensembles for extended periods of time in hot environments. However, differences 
exist between Standard Operating Procedures (SOP's) and protective clothing requirements. 
For instance, wildfires are typically suppressed over extended periods of time, primarily in 
summer temperatures. Therefore, certain moisture barriers may be omitted from Wildland 
Turnout, with minimum Station Wear worn underneath to facilitate the escape of body heat. 
 
In simulated field trials where firefighters were subject to exercise in controlled 
environments, Rossi (2003) found that temperatures rose quickly in between each protective 
clothing layer once physical activity began. The temperature between undergarment and work 
wear layers exhibited the most change due to the thermal energy released counteracting the 
amount of moisture absorbed. Likewise, results were similar in trials where a breathable 
Turnout jacket was worn. 
 
Moreover, in an effort to reduce the thermal burden associated with wearing multilayered 
PPC in hot environments, previous studies (Malley et al. cited in McLellan and Selkirk 2006, 
p. 422; Prezant et al. cited in McLellan and Selkirk 2006, p. 422) found that  replacing Station 
Wear uniform trousers with shorts underneath Turnout, significantly reduced the 
cardiovascular and thermal stress of firefighters during work activities lasting longer than 60 
minutes. 
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In situations where Station Wear does not form part of the multilayered protective system, a 
career firefighters' Turnout Gear may be classified as 'stand alone', so long as it complies with 
appropriate Standards. Although this approach lightens metabolic and sensory burden, 
Australian fire brigades recognise the danger in altering or removing Station Wear since 
firefighters become more susceptible to further injury in the event that their Turnout Gear (i.e. 
primary protective clothing layer) is compromised during an emergency situation. For 
volunteer firefighters, items of secondary protective clothing are not issued with Turnout, 
therefore the type of clothing worn in lieu of traditional Station Wear must also not contribute 
to further injury. Laing and Sleivert (2002) identify the need to link the performance of fire-
resistant fabrics and protective garments with human performance, improving heat transfer 
and achieving greater thermal comfort in hotter climates. 
 
2.3.2 Thermoregulation of the human body  
In assessing the necessary protection for hot environments, information concerning the energy 
metabolism of the individual is required. Holmer (2005) relates metabolic rate to the intensity 
of physical work and associated heat production values, which may be easily determined from 
measurements of oxygen consumption.  
 
The human body produces a certain amount of heat throughout every activity, ranging from 
65 W/m
2 
while resting, to over 1000 W/m
2
 during strenuous work (Rossi 2005; Stegmaier, 
Mavely & Schneider 2005). Short bursts of high intensity firefighting activity produce more 
sweat compared to longer periods of sustained work, increasing thermal burden. It is 
estimated that firefighters produce approximately 300-500 W/m
2
 during their work (Holmer 
2006; Rossi 2005). Residual energy may be transferred to the environment by three means: 
respiration, the release of dry (radiation, convection and conduction) heat, and evaporative 
heat through the skin (Rossi 2005; Stegmaier, Mavely & Schneider 2005). Table 2.1 may be 
used as a guide to estimate the metabolic rate and associated heat production in various types 
of firefighting physical activity (modified from ISO 8996, 2004 with values referring to a 
standard man with 1.8 m
2
 body surface area) (Holmer 2005). 
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Table 2.1 Examples of metabolic energy production associated with different types of work 
(Holmer 2005, p. 381, Table 14.1). 
Class Average 
metabolic 
rate (W/m
2
) 
Examples 
0 
Resting 
65 Resting 
1 
Low 
100 Light manual work; hand and arm work; arm and leg work; 
driving vehicle in normal conditions; casual walking (speed 
up to 3.5 km/h) 
2 
Moderate 
165 Sustained hand and arm work; arm and leg work; arm and 
trunk work; walking at a speed of 3.5km/h to 5.5 km/h 
3 
High 
230 Intense arm and trunk work; carrying heavy material; walking 
at a speed of 5.5 km/h to 7 km/h 
4 
Very High 
290 Very intense activity at fast pace; intense shovelling or 
digging; climbing stairs, ramp or ladder; running or walking at 
a speed of >7 km/h 
Very, very high 
(2 hours) 
400 Sustained rescue work; wildland firefighting 
Intensive work 
(15 mins) 
475 Structural firefighting and rescue work 
Exhaustive work 
(5 mins) 
600 Firefighting and rescue work; climbing stairs; carrying 
persons 
 
The current lack of data regarding temperatures that firefighters are exposed to during actual 
operational conditions, and the level of thermal stress endured is largely unknown, and thus 
can only be approximated through live fire training or simulations. Further studies 
investigating the thermal impact of protective clothing on operational firefighters in the 
Australian climate would benefit the protective and thermal performance of future Station 
Wear fabrics.  
 
Heat production and heat loss determine the 'thermoregulation' or thermal balance of the body 
with the environment (Holmer 2005; McCullough & Eckels 2009; Schlader, Stannard & 
Mundel 2010; Zhang et al. 2002). Critical to both safety and performance, thermoregulation 
of skin and core body temperatures are critical to wear comfort in diverse environments. The 
physiological impact of wearing thermal protective clothing challenges human beings to 
regulate their body temperature to within a narrow range centered on 37°C, through a group 
of biological processes (Hanna et al. 2011 cited in Hughes & Steffen 2013, p. 60; Phillips, 
Payne et al. 2008; Rossi 2005, p. 235; Stegmaier, Mavely & Schneider 2005). Thermal 
balance is lost if temperature varies more than 2°C either side of 37°C, resulting in 
hypothermia (< 35°C) or hyperthermia (> 39°C) (Taylor 2006).  
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When heat gain is balanced by heat loss, a thermal steady state for the human body occurs, as 
illustrated in the below equation (Taylor 2006, p. 332): 
 
± S = M – E ± K ± C ± R ± W  (2.1) 
where 
S =  the change in energy content of the body (+ for heat storage; - for loss), W/m
2
 
M = the metabolic heat production W/m
2
 
W = the external work accomplished, W/m
2
 
E = the evaporative heat loss, W/m
2
 
K = the heat lost (-) or gained (+) by conduction, W/m
2
 
C = the heat lost (-) or gained (+) by convection, W/m
2
 
R = the heat lost (+) or gained (+) by radiation, W/m
2
 
 
Heat is lost from the body's surface and through respiration (convection and evaporation) 
(McCullough 2005). In order to comprehensively measure heat exchange between a worker 
and his/her environment, one considers the type of clothing worn in relation to the activities 
performed. Some environmental factors affecting human heat exchange include air velocity, 
air temperature, mean radiant temperature, humidity and water-vapour pressure (Budd 2001a; 
Holmer 2005, 2006). Clothing effects on heat exchange through convection, radiation and 
evaporation are described by two basic properties: thermal insulation and evaporative 
resistance (Holmer 2006; McCullough 2005). The equations below relate to a single layer, 
even if it were to be treated as being made of multiple sub-layers.  
 
Thermal insulation (I) in the broad clothing context is the resistance to heat transfer by 
convection and radiation by clothing layers. It is an average of covered and uncovered body 
parts in relation to the resistance to heat exchange in all directions over the whole body 
surface. Allowing for the introduction of clothing in the heat balance equation, the total 
insulation value (IT) of clothing and adjacent air layers are defined by the following equation 
(Holmer 2005, p. 382):   
 
IT = 
       
   
      (2.2) 
where 
IT = Total Insulation value, m
2 
°C/W or in clo-units (1 clo = 0.155m
2
 °C/W) 
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C = the convective heat exchange, W/m
2 
R = the radiative heat exchange, W/m
2
 
tsk = the mean skin temperatures, °C 
ta = the air temperature, °C 
 
Evaporative resistance (Re) is the resistance to heat transfer by evaporation and vapour 
transfer through clothing layers, with insulation referring to the whole body surface. Heat 
transfer occurs when sweat evaporates at the skin and is transported to the environment by 
diffusion or convection. The evaporative resistance of clothing layers and adjacent air layers 
(Ret) is defined by the following equation (Holmer 2006, p. 405):   
 
Ret = 
       
 
    (2.3) 
where 
Ret = evaporative resistance, m
2
 kPa/W 
psk = the water-vapour pressure at the skin surface, kPa 
pa = the ambient water-vapour pressure, kPa 
E = evaporative heat exchange, W/m
2
 
 
Heat balance in Equation 2.1 is achieved when the value of S is zero. This can occur for 
various combinations of the variables within the equation. However, different conditions (i.e. 
activity, climate and clothing scenarios) dictate the compatibility of certain physiological 
variables (e.g. tsk  and psk) within acceptable and tolerable conditions (Holmer 2005). 
 
During testing, the Sweating Guarded-Hotplate (ISO 11092:1993) uses Equations 4.2 and 4.3 
to calculate the Thermal Resistance (Rct) and Water-vapour Resistance (Ret) of the 
Commercially-obtained and the Experimental Station Wear fabrics respectively, to be 
discussed later in Chapter 5.2.3. 
 
2.3.3 Comfort  
In simple terms, comfort may be described as the absence of discomfort. However comfort in 
relation to clothing, also known as wear comfort is much more complex. According to Barker 
(2002), Celcar, Gersak and Meinander (2008), Saville (1999 cited in Ding 2008, p. 190) and 
Slater (1985 cited in Bishop 2008, p. 228), wear comfort is not easily defined as it consists of 
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a volatile combination of physical, physiological and psychological factors that undergo 
constant variation between human heat balance, the clothing system and the environment. 
 
Li (2005) viewed thermal comfort to be positively related to skin temperature (i.e. how 
warm/cool the clothing system feels) and negatively related to moisture sensations and skin 
wetness, influencing the relative humidity and air motion within clothing micro-
environments. Thus, wear comfort may be related to moisture management or the 'wicking' 
ability of the textile substrate, pulling moisture off the skin and into the fabric to be 
evaporated or moved to the next clothing layer. 
 
In general, wear comfort may be divided into four main aspects (Bishop 2008; Rossi 2005; 
Stegmaier, Mavely & Schneider 2005): 
1. Thermo-physiological wear comfort. This relates to metabolic heat and moisture 
transport processes through the clothing material, directly affecting thermal 
homeostasis. 
2. Skin sensorial wear comfort. This relates to the interaction of clothing with the tactile 
sensations of the wearer's skin. These perceptions may be pleasant, like smoothness 
and softness or unpleasant, such as pressure, stiffness, prickliness, dampness or 
textile-cling to sweat-wetted skin.  
3. Ergonomic wear comfort. This is characterised by clothing fit and ease of movement. 
Correct sizing, fit, garment construction and weight are important variables in 
providing protection and safety. Loose-fitting outer garments are encouraged to assist 
with thermo-physiological comfort, enhancing thermal resistance, mobility and air 
circulation between the skin and clothing layers. However garments should not be too 
loose (in the fire environment), representing an additional hazard to the wearer. 
4. Psychological wear comfort. Refers to the satisfactory mental function within a range 
of environmental and personal factors. It may affect overall morale or confidence in 
the protective capacity of garments, and be influenced by user acceptance in regards to 
aesthetics (i.e. fashion, design, garment construction and colour), previous experience, 
prejudice or personal expectation.  
 
Thermo-physiological wear comfort concerns the heat and moisture transmission behavior of 
a clothing assembly to support the human body's thermoregulation throughout different 
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environmental conditions and various levels of physical activity (Mukhopadhyay & Midha 
2008; Stegmaier, Mavely & Schneider 2005). 
 
To effectively cool the body and ease moisture build-up resulting from a decrease in thermal 
insulation, Station Wear fabrics should permit moisture in the form of insensible and sensible 
perspiration to be transmitted from the body to the environment (Brojeswari et al. 2007).  
 
Thermo-physiological comfort has two distinct phases. During normal wear, insensible 
perspiration is continually produced by the body, creating steady-state heat and vapour fluxes 
that must gradually dissipate through air gaps between fibres and yarns in a fabric. As a result, 
thermoregulation and a feeling of thermal comfort are maintained. In transient wear 
conditions, sensible perspiration and liquid sweat are produced by higher sweating rates 
during strenuous activity or climatic conditions. In order to maintain thermoregulation, 
alleviate skin wetness and fabric-cling, moisture must be managed rapidly. Thus, heat and 
moisture transfer properties under both steady and transient conditions should be considered 
to predict wear comfort (Barker 2002; Ding 2008).  Although outside the scope of this study, 
clothing design may determine other escape routes for internal heat and moisture (e.g. in 
terms of interface areas such as ankles, wrists or neck, or fit of the protective ensemble).  
 
In protecting firefighters against extreme heat and flame, each layer of protective clothing 
influences the heat balance by restricting the evaporation of sweat and dissipation of 
metabolic heat away from the firefighter into the surrounding environment. In very hot 
conditions, metabolic heat production can exceed that of heat loss (Schlader, Stannard & 
Mundel 2010). Therefore, the breathability of a fabric may be achieved using different fabric 
properties that allow the transmission of moisture vapour by diffusion to facilitate evaporative 
cooling (Mukhopadhyay & Midha 2008). This is important with respect to maintaining 
thermal equilibrium during physical activity in hot, humid environments (Havenith 1999 cited 
in Caravello et al. 2008, p. 362; McCullough & Eckels 2009; Taylor 2006; van den Heuvel et 
al. 2009). 
 
As previously discussed, some key mechanisms affecting the thermal and moisture transport 
properties through fabric layers are thermal insulation, water-vapour transmission and 
moisture management (i.e. water absorption, wicking, rate of drying) (Rossi 2005). 
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Physical and physiological test methods are available that test the combined heat and moisture 
comfort of textiles. Physiological test methods such as thermal manikins or wear trails are 
significantly more complex, requiring simulations of the sweat transport of a clothed human 
whilst analysing clothing effects during a given workload in a controlled environment. 
Although outside the scope of this thesis and despite large variability, human subjects allow 
for a more complete understanding of perceived clothing comfort in terms of each layer worn 
and the environments likely to be encountered.  
 
Alternatively, thermo-physiological wear comfort may be physically tested using the Skin 
Model or Sweating Guarded-Hotplate method (ISO 11092:1993) by simulating moisture 
transport through textile materials or clothing assemblies, when worn next to the human skin. 
Carried out under isothermal conditions in a standard atmosphere, heat and moisture vapour 
transfers can be simultaneously measured as the apparatus features simulated sweating glands 
supplying water to the heated surface of the plate. 
 
In evaluating human comfort perception, moisture plays a role in the sensory and thermal 
comfort of textiles. While sensory comfort and moisture relate mainly to a fabric's surface 
structure combined with elements of garment design, the impact of moisture on thermal 
comfort concerns fabric design factors that include fibre characteristics, yarn and fabric 
construction, and the application of functional finishes (Barker 2002; Guo et al. 2008; Yoo & 
Barker 2005a). For this reason, a fabric's liquid moisture transport properties play an 
important role in improving perceived wear comfort for garments.  
 
The Moisture Management Tester (MMT) (AATCC Test Method 195-2009) characterizes the 
moisture management properties (MMP) of textile fabrics using ten indices, measuring the 
liquid water transfer of a fabric in one step, in a multidirectional way. For clothing physiology 
studies, moisture management testing is conducted using a liquid with similar surface energy 
properties to human perspiration.  
 
A study by Guo et al. (2008) found fabric moisture transport properties in protective clothing 
to be positively related to reducing heat stress in simulated work environments. Likewise, in 
reviewing the positive and negative effects of moisture on thermal protection, Makinen 
(2005) argued that the type of fabric system used in conjunction with local temperature and 
heat flux intensity determined how clothing reacts to moisture. 
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Station Wear uniforms are functional protective garments that should be worn as heat-
resistant work wear, therefore fabric weight, considered in relation to duration of wear, can 
also add to thermal discomfort perception. Yoo and Barker (2005a) reported that subjective 
perceptions of satisfactory performance are created when aspects of thermo-physiological and 
sensorial comfort are combined. Table 2.2 outlines some key comfort variables in trying to 
understand the relationship between a fabric's properties and skin sensorial feelings. 
 
Table 2.2 Some key comfort variables (Bishop 2008, p. 230, Table 8.1). 
Thermal Comfort Sensorial Comfort 
Clothing insulation 
Air permeability 
Moisture vapour permeability 
Metabolic rate 
 
Macro-environment 
Humidity 
Radiant heat gain/loss 
Convective heat gain/loss 
Conductive heat gain/loss 
External convection 
 
Micro-environment 
Clothing fit 
Internal convection 
Sweat rates 
 
Pressure 
Perceived and actual weight 
Absorbency 
Roughness/abrasiveness 
 
Rigidity 
Human mood 
Aesthetics/social expectations 
Stretch 
Cling 
 
 
Prior experiences 
Other non-clothing comfort factors 
 
2.3.4 Physiological profile of a firefighter 
Firefighting is a physically demanding occupation that places considerable amounts of 
physiological stress on the individual. Budd et al. (1997a cited in Aisbett and Nichols 2007, p. 
31) classifies stress as the physical, mental or environmental load imposed on the firefighter. 
Work rate and energy expenditure during fireground activities are exacerbated by surrounding 
thermal environments (i.e. heat, fire and weather), and the type of insulating protective 
clothing worn, increasing the severity of thermal stress endured. In regards to firefighter 
physiological response, challenging thermal conditions increase the probability of adverse 
health outcomes. One of the most common causes of stress on the fireground is hyperthermia, 
also known as heat stress, the physiological response to heat.  
 
Heat stress and heat illnesses are well-known hazards of firefighting. Brotherhood (2008) 
summarised heat stress as a function of six independently acting factors: metabolic heat 
production, air temperature and humidity, air movement over the body's surface, and clothing.  
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Similarly, Kalyani and Jamshidi (2009) and Petersen (2008) viewed heat stress as a 
combination of environmental conditions, metabolic rate from exercise and intensity of work, 
and the insulating effects of protective clothing worn, that determine the body's skin and core 
temperatures.  
 
Covering a range of heat-induced medical conditions such as heat or muscle cramps, heat 
exhaustion and heatstroke, heat stress occurs when the body's temperature fails to regulate by 
rising to critical and potentially life-threatening levels. With symptoms including dehydration, 
headache, fatigue, confusion, loss of consciousness, convulsions, irrational behavior and 
abnormally high body temperature, heatstroke is the most serious disorder associated with 
heat stress. Lack of physical fitness, obesity, dehydration, recent alcohol consumption, recent 
illness and chronic cardiovascular disease may also contribute to a firefighter's predisposition 
to heatstroke (Carter et al. 2007; Nolan 2006). 
 
Whilst shielding the wearer from extreme environmental temperatures, a firefighter's 
complete protective ensemble inadvertently challenges thermoregulatory behavior, limiting 
water-vapour permeability and the rate of evaporative heat exchange (e.g. heat loss, heat gain, 
or heat balance) between the body and the environment (Barr, Gregson & Reilly 2009; 
Brotherhood 2008; Schlader, Stannard & Mundel 2010). 
 
In an attempt to balance heat load, the human body perspires and uses sweat evaporation from 
the skin's surface, or evaporative cooling to cool down. The heat of evaporation changes 
liquid sweat into water-vapour that is carried off by the surrounding air, allowing small 
amounts of sweat to remove relatively large amounts of heat (Petersen 2008). Conversely, a 
firefighter who is unable to maintain thermal equilibrium is incapable of tolerating heat stress, 
continuing to store metabolic heat that critically raises his/her core body temperature. 
Consequently, sweat evaporation and cooling through clothing layers with the surrounding 
environment becomes hindered. At this time, heat losses protecting the skin that are 
controlled by blood flow to and from the exposed area, thermal radiation from the skin's 
surface, and heat losses resulting from sweating can no longer be maintained (Lawson 1996).  
 
Since fabric temperatures remain high for some time even after exposure to a fire due to 
conductive heat, skin-burn injuries which are time and temperature dependant may take place 
during the time in which a fabric is cooling (Rossi 2003; Torvi &  Todd 2006). If moisture is 
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present between protective clothing layers or if protective fabrics become damp, wet or 
compressed, conductive heat burns, also known as steam burn injuries can easily result, 
creating an additional hazard for the firefighter given that water conducts heat faster than air 
at normal temperatures (Barker & Lee 1986; Song 2005).   
 
Generally, over-exertion and thermal stress are among the most common causes of firefighter 
injury and death. For firefighters performing physically demanding tasks while wearing PPC, 
physiological stress is exaggerated by fluid loss, fatigue that limits physical and mental 
performance, as well as alterations in hormonal and immune functions (Aisbett 2007; Aisbett 
& Nichols 2007; Barr et al. 2009; Kalyani & Jamshidi 2009; Laing & Sleivert 2002; 
McLellan & Selkirk 2006; Psikuta & Rossi 2009; Selkirk, McLellan & Wong 2004; Song 
2005). Because adequate evaporative cooling is dictated by sufficient physiological sweat 
production, fluid replacement and the evaporative capacity of the external environment 
(Brotherhood 2008; McLellan & Selkirk 2006), a relationship exists between heat stress and 
using all levels of PPC (H Jones [Tasmania Fire Service] 2009, pers. comm., 12 June). Thus, 
temperature and weather conditions (e.g. humidity) contribute to the potential for heat stress. 
 
In Australia, heat stress is one of the top three leading causes of injury for firefighters from 
South Eastern (SE) Australian Fire Agencies (Aisbett et al. 2007 cited in Langridge et al. 
2013, p. 151; Aisbett, Larsen & Nichols 2011). For rural fire brigades in SE Australia, the 
major risk to health and safety is musculoskeletal injuries, followed by dehydration and 
smoke inhalation. Smoke inhalation can induce short-term breathing difficulties which 
increase cardiovascular strain. Although heat stress is mentioned in injury reports from SE 
Australian Fire Agencies, at present there is very limited, reliable published evidence on the 
types of heat stresses firefighters are exposed to. Furthermore, there has been no widely 
published Australian study to compare personnel health between rural and urban fire brigades 
(B Aisbett [Faculty of Health, School of Exercise and Nutrition Sciences Deakin University] 
2009, pers. comm., 18 June). 
 
Research suggests that cardiovascular disease (CVD)-related fatalities, primarily heart attack, 
is the leading cause of death for on-duty firefighters in the USA, closely followed by asphyxia 
and burns (Burton 2007; Fahy 2005; Makinen 2005; McLellan & Selkirk 2006; 
Mukhopadhyay & Midha 2008). In contrast to the USA, Wolkow et al. (2013) found no 
national CVD-related mortality data exists for Australian firefighters. Since cardiac events 
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(e.g. heart attack, stroke, angina) can occur after a firefighter has completed their assigned 
shift, it has been argued that Fire Agency heart attack data may not truly represent the 
cardiovascular strains of firefighting (Aisbett 2007). Away from firefighting literature, there 
is an increased prevalence of CVD in rural communities compared to the urban population, 
and it is possible that the fire community follows a similar trend (Australian Institute of 
Health and Welfare 2007, 2008; B Aisbett [Faculty of Health, School of Exercise and 
Nutrition Sciences Deakin University] 2009, pers. comm., 18 June). 
 
In general, enhancing the wellness of Australian firefighters is beneficial to maintaining the 
strength and stamina required for firefighting operations. Taking into consideration Australia's 
ageing firefighter workforce and given that older firefighters experience greater injury rates 
compared with their younger counterparts, the physiological stress imposed by protective 
clothing and equipment is heightened in individuals with lower aerobic fitness and muscular 
strength levels (Aisbett 2007; Aisbett & Nichols 2007; Barr, Gregson & Reilly 2009; Budd 
2001b; Burton 2007; Laing & Sleivert 2002; New South Wales Auditor-General’s Report 
Performance Audit 2014; Taylor & Taylor 2011), and this may be especially so for part-time 
volunteers rather than career firefighters. Nonetheless, fireground health and safety is 
fundamentally determined by the relationship between work stresses encountered whilst 
undertaking key fireground tasks, the behavioural response, and the physical condition of the 
firefighter (Bushfire Cooperative Research Centre 2006). 
 
While Land Management Agency fire crews employ operational-readiness tests for their 
personnel (e.g. The Pack Hike Test (PHT)), physical fitness in the majority of Australia's 
volunteer bush firefighting population is not routinely evaluated, leaving the possibility of 
personnel with undetected multiple CVD risk factors at greater risk of a cardiac event 
(Aisbett, Larsen & Nichols 2011; Aisbett & Nichols 2007; Philips, Aisbett et al. 2008; 
Wolkow et al. 2013). To determine the required fitness levels of career Structural and 
Wildland Australian firefighters, compulsory pre-employment health standards and task-
related cardiovascular fitness tests are expected to be met in accordance with protocols by the 
American College of Sports Medicine (ACSM) (Aisbett, Larsen & Nichols 2011; Health and 
Fitness Working Group 2006).  
 
Although physical aptitude tests differ between Australian states, each test is designed to 
identify potential health conditions that may be provoked by undertaking duties essential to 
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firefighting, and that may result in serious injuries. However once employed, there are no 
formal ongoing assessments (except for special-skills training) to ensure firefighters remain 
fit-for-duty (New South Wales Auditor-General’s Report Performance Audit 2014).  
 
Internationally, the implementation of health and wellness programs have been shown to 
improve firefighter cardiovascular heath, reducing injuries and compensation costs (Drain et 
al. 2009). At present, participation is voluntary in most of these programs although it has been 
acknowledged that maintaining health and fitness levels is a complex and sensitive issue 
between Fire Agencies and Firefighter Unions (M Tarbett [Country Fire Authority, Victoria] 
2009, pers. comm., 1 May); R Shephard [Australasian Fire and Emergency Service 
Authorities Council] 2009, pers. comm. 15 June). 
 
2.4  Firefighting Protective Clothing (FPC) 
2.4.1 Short history of firefighting in Australia 
Australian Fire Services are relatively young, forming in each state during the late 19th and 
early 20th century, however many notable fires occurred before fire services were established. 
For example, the Country Fire Authority (CFA) was established following serious bushfires 
across Victoria during 1939-1944.  
 
The first half of the 20th century saw significant development in firefighting technology, 
although advances in Firefighting Protective Clothing (FPC) were limited by the materials of 
the time (Jaquet 2006). Since the introduction of Standards by the National Fire Protection 
Agency (NFPA) in 1971, FPC has taken a gigantic leap forward in its structure and 
appearance. Aside from providing necessary personal protection, FPC also ensures that 
firefighters are easily identified as members of specific fire brigades, while maintaining a 
professional image that instills public confidence. The innovations in textile materials and 
products developed specifically for their technical performance and functional properties 
integrated quickly into protective clothing applications (i.e. firefighting, military, industrial 
and aerospace), allowing FPC to become the sophisticated multilayered assemblies they are 
today (Potluri & Needham 2005). Hence, technical textiles are essential for the protection and 
survival of individuals working in hostile environments. 
 
Ordinarily, exposure conditions for firefighters may be classified as routine, hazardous and 
emergency defined by a range of air temperature and radiant fluxes (Hoschke 1981 cited in 
 30 
 
Rossi 2003, p. 1018). However in order to cope with societal conditions today, the role and 
responsibilities of career firefighters worldwide have expanded beyond fighting fires, 
extending into rescue work involving high-risk emergency response situations. These 
scenarios may include exposure to hazardous materials (physical, chemical and biological), 
poor air quality, suspected terrorist activity and industrial accidents. Specialist training is 
required for Hazardous Material incidents (Hazmat), Chemical, Biological and Radiological 
incidents (CBR), High Angle Rescue teams (HART), Urban Search and Rescue (USAR) and 
Emergency Response (EMR-First Responder Program), with driver training a priority to 
ensure firefighters arrive at emergency scenes in the safest and fastest way possible. 
 
Nowadays, Australian fire brigades (see Table 2.3) consist of teams of highly trained 
individuals who provide 24 hour response and fire cover by working a rotating 10/14 shift 
system, that includes two 10-hour day shifts and two 14-hour night shifts. 
 
Table 2.3 Australian Fire  and Land Management Agencies. 
Australian Fire Agencies Australian Land Management Agencies 
 
Australasian Fire and Emergency Services 
Authorities Council (AFAC)  
Country Fire Authority, Victoria (CFA) 
Metropolitan Fire & Emergency Services Board, 
Melbourne (MFB) 
Fire & Rescue NSW (FRNSW) 
New South Wales Rural Fire Service (NSWRFS) 
ACT Fire & Rescue 
Queensland Fire and Emergency Services 
(QFES) 
Rural Fire Service Queensland (RFSQ) 
Tasmania Fire Service (TFS) 
South Australian Metropolitan Fire Service 
(SAMFS) 
South Australian Country Fire Service (SACFS) 
Northern Territory Fire and Rescue Service 
(NTFRS) 
Bushfires NT 
Western Australia Department of Fire & 
Emergency Services (DFES) 
New Zealand Fire Service (NZFS) 
New South Wales Department of 
Conservation and Environment 
State Forests of New South Wales 
Forestry Tasmania 
Department of Sustainability and 
Environment Victoria 
Department of Conservation and Land 
Management WA (CALM) 
Scion - New Zealand Forest Research 
South Australian Department of 
Environmental and Heritage 
 
 
 
2.4.2  Personal Protective Equipment (PPE) 
Complete firefighting ensembles are known as Personal Protective Equipment (PPE) and 
commonly consist of the following items: the tunic/coat, over trousers, Station Wear uniform, 
interface components (i.e. flash hood, helmet, boots and gloves), self-contained breathing 
apparatus (SCBA), wet weather clothing, cold and extreme-climate clothing, bushfire jacket, 
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high visibility safety vests, and other additional equipment or devices. Depending on the 
environments encountered and the tasks at hand, the type of PPE worn and the protective 
materials used in these uniforms may differ from state to state. However, the purpose of all 
PPE is to provide limited individual protection from thermal, physical, mechanical and 
environmental hazards encountered during firefighting operations, so safeguarding the 
firefighter that objectives may be carried out safely against one or more health and safety 
hazards.  
 
Forming the largest part of the protection that a firefighter wears, the coat and over trousers 
when worn together are known as Turnout Gear. Often described as the firefighter's last line 
of defense, Turnout Gear is designed to provide maximum protection against heat and flame, 
reduce the harmful effects of water and other liquids that control the skin microclimate 
temperature and humidity, protect internal layers from mechanical hazards such as rips, tears 
and abrasions, and yet provide ease of movement to perform a wide variety of physical tasks 
(Black et al. 2005; Holmer 2005; Holmes 2000; Makinen 2005).  
 
Traditionally, a firefighters Turnout coat is a multilayered configuration complex in both 
design and construction, and incorporating three to four layers: the outer-shell, moisture 
barrier, thermal liner and a face-cloth attached to the thermal liner that sits closest to the 
wearer's skin (Jou & Lin 2007; Lawson & Mell 2000; Torvi & Todd 2006). In addition to 
providing a barrier to blood borne pathogens, the second and third layers were introduced to 
prevent liquid moisture penetrating through to the wearer, and to provide thermal insulation 
from conductive and radiant heat respectively.  
 
Table 2.4 displays a current list of fabrics, composites and blends used for Turnout within 
Australian Fire & Rescue Services Structural and Wildland PPE. Depending on fibre content, 
method of fabric construction and number of layers present, Structural and Wildland Turnout 
utilise materials ranging between 200-350 g/m
2
. Due to the physiological stresses associated 
with wearing PPE, firefighters must be trained in their use, care, maintenance and limitations.   
 
 
 
 32 
 
Table 2.4 Australian Fire & Rescue Services current Structural and Wildland PPE Turnout 
items by fabric type and composition (R Shephard [Australasian Fire and Emergency Service 
Authorities Council] 2016, pers. comm. 22 June). 
Item of PPE Fabric/Composition 
Structural outer-shell  
(Turnout) 
PBI Gold®, Nomex® 3D 
Gemini™ XTL 
PBI® Gold 
Nomex® 3DP 
Nomex® 3D 
PBI® Matrix 
Nomex III A® 
Hainsworth® Titan 
Melba ENFORCER®, PBI Gold® 
Melba ENFORCER®, PBI Matrix® 
Structural Helmet Pacific F3 
Kevlar®/Fibreglass 
Double Layer Nomex® Neck Flap 
Structural Gloves Nomex®/para-Aramid/Gore-Tex® 
Water-proof Leather with Crosstech® insert 
Kermel® with Crosstech® membrane 
Leather 
Firefighting Boots Leather 
Leather with fabric inserts 
Flash Hood 80% Lenzing FR®, 20% PBI Gold® 
Nomex III A® 
Nomex® 
PBI® 
Bushfire Jacket 
(Wildland PPE) 
TenCate Tecasafe® 
100% Proban® treated Cotton 
70%  meta-Aramid, 30% Nomex/FR Viscose 
100% Proban® treated cotton drill 
Bushfire Pants 
(Wildland PPE) 
70% meta-Aramid, 30% Nomex/FR Viscose 
100% Proban® treated Cotton 
70%  Kermel®, 30%Viscose 
PBI Gold® 
 
 
In addition to wearing PPE while performing physically and psychologically demanding 
tasks, firefighters must engage in activities such as walking, running, crawling, stair climbing, 
hammering, lifting, pulling/pushing heavy loads, hose work and equipment transportation 
(Health and Fitness Working Group 2006). For Australian firefighters facing climatic changes 
under already challenging thermal and environmental conditions, the burden of wearing PPE 
yields greater levels of energy expenditure that imposes higher physiological stress on the 
wearer.  
 
2.4.3  Personal Protective Clothing (PPC) and the role of Station Wear 
Expanding outward from the skin, the protective garments that comprise the textile part of a 
complete firefighting ensemble are composed of base, middle and outer clothing layers. Each 
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layer acts independently and dynamically as a system to protect the firefighter from thermal 
hazards. The spaces created between clothing layers are designed to promote air flow. Based 
on performance requirements and the level of protection required, certain layers may be 
added, removed, or worn in varying configurations to account for the demands of the wearer 
in terms of the activities being performed, and the environments encountered (Black et al. 
2005). 
 
In general, career firefighters must participate in routine station activities such as equipment 
and vehicle maintenance, operations support and administration, fire investigation, hydrant 
and building inspections, regular skills and equipment training, joint-emergency training 
exercises (i.e. with Police and Ambulance Services), involvement in public evacuation drill 
exercises, coordination of emergency prevention, and actively promote community fire safety. 
Although exposure to direct live fire is unlikely within these environments, they do produce 
the need for protection against other potential hazards whatever the ambient temperature 
(McLellan & Selkirk 2006).  
 
Personal Protective Clothing (PPC) may be viewed as garments or fabric-related items that 
are designed to protect the firefighter's torso, neck, arms and legs (excluding interface areas 
such as the head, hands and feet) on a continuous basis from harsh environmental effects, that 
may result in injury or death (Ding 2008). 
 
Essentially, PPC may be divided into two categories: primary protective clothing (i.e. Turnout 
Gear) and secondary protective clothing (i.e. Station Wear). Station Wear, also known as 
Duty Wear, is the work wear uniform worn daily by firefighters to protect them from potential 
thermal hazards experienced during non-primary firefighting operations. Typically consisting 
of garments made from single-layer fabric constructions, Station Wear combines functional, 
everyday work wear with uniform aesthetics. Normally, Station Wear consists of the 
following uniform items which may be worn in various combinations underneath Turnout, 
when a firefighter is called out: trousers, cargo pants, shorts, long-sleeved shirt, short-sleeved 
shirt, T-shirt, polo shirt and ankle boots worn in lieu of firefighting boots.  
 
Ideally, the level of protection afforded by Station Wear should reflect the operational needs 
of the fire brigade based on risk assessment. In addition to being compatible with other 
equipment and clothing currently in use, Standard Operating Procedures (SOP) or Fire 
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Ground Practices (FGP) provide Australian fire brigades with the necessary guidelines to 
ensure that all PPE is worn correctly, where intended. Depending on climate and the unique 
environmental conditions faced during operational duties, the manner and duration in which 
protective clothing and equipment are worn may differ between jurisdictions. As a general 
rule, operational considerations take precedence over comfort, which in turn affect the type of 
fabrics selected based on end use.  
 
While certain items of Station Wear differ in garment design depending on firefighter rank 
and insignia, relatively few differences exist in the performance requirements of career 
Structural and Wildland firefighting Station Wear uniforms. Typically, firefighting agencies 
comprised of 100 percent volunteers do not use or provide any standard Station Wear-type 
garments to its volunteers. Instead, it simply recommends that garments made from natural 
fibres are worn underneath the officially supplied Turnout, which is consistent with other 
volunteer agencies (A Tindall [South Australian Country Fire Service] 2009, pers. comm. 1 
June).  
 
In regard to work and protection, Station Wear fabrics require a balance between protective 
(i.e. fire resistance) and mechanical (i.e. strength/durability) performance properties to suit a 
wide variety of working situations. Additionally, comfortable Station Wear fabrics that 
support insulation and ventilation where required encourage firefighters to wear their 
uniforms at all times in the work environment. 
 
The stylistic demands of Station Wear uniforms are becoming increasingly important in order 
to socially, psychologically and culturally satisfy user acceptance (Jeffries 1989). Aside from 
ceremonial purposes, the traditional Station Wear uniforms of yesteryear are slowly being 
phased out and replaced by functional, protective, everyday work wear. Depending on fibre 
choice, a material's fire-resistance (FR) is either inherent or imparted via a fabric finish (e.g. 
Proban®). High-performance FR fibres such as Nomex® are gradually being integrated into 
some secondary protective fabric blends however commercially, very few light-weight FR 
alternatives exist that are specifically designed for firefighting Station Wear applications. 
Therefore, the purpose of this work is to produce a fabric superior to any equivalent that is 
currently commercially-available, taking into consideration the impact of the Australian 
climate on physiological response. 
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2.5 Requirements for protection 
2.5.1 Station Wear performance requirements  
Normal clothing provides everyday protective wear from environmental and climatic 
conditions, with aesthetics playing an important role in social acceptability. In the case of 
extreme thermal, mechanical, biological, radiation or nuclear environments, further protection 
dictated by health and safety regulations is required (Haase 2005; Maslow 1954, 1970 cited in 
Black et al. 2005, p. 60).  
 
Another factor to consider is the influence of protective clothing weight on firefighter 
physiological response in hot and humid climates like Australia. Excessive fabric weights add 
to uniform bulk that further restrict thermo-physiological comfort, mobility and dexterity, 
posing additional threats to the wearer and their personal job performance level (Horrocks 
2005, Jeffries 1989; Laing & Sleivert 2002; Mukhopadhyay & Midha 2008; Shaw 2005).  
 
Despite primarily focusing on the performance of Station Wear fabrics and not garments,  
significant thought has been given to ergonomic and physiological considerations where 
clothing is expected to provide protection against environmental hazards. The relationship 
between size and fit of clothing layers is important due to the effects of the increase in energy 
consumption, body movement changes resulting from wearing or using specific clothing 
items with heat stress and permeability, and the weight of FPC and its assemblies with heat 
transfer and ventilation (Laing & Sleivert 2002; Rossi 2005).  
 
In an effort to merge fashion with function, Black et al. (2005) observed that changes in 
uniform garment fit and design could adversely affect the material's protective performance 
requirements by altering important insulating properties, like the thickness of air gaps present 
between clothing layers. Garment interface details such as collars and cuffs have the capacity 
to trap pockets of air to create insulation, whereas ventilation is often facilitated by garment 
fit and design. In contrast, a material's strength and comfort properties may be enhanced 
depending on garment fit, design and clothing construction.  
 
Whether operating individually or in concert, the level of protection afforded by each 
successive protective clothing layer varies depending on materials, construction, design and 
fit of garments (Black at al. 2005; Horrocks 2005). While the actual garment design of Station 
Wear uniforms is beyond the scope of the current work, ergonomic considerations relating to 
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the clothing's protective performance (e.g. thermally-induced garment shrinkage) must be 
considered in designing an effective secondary protective material. 
 
Ultimately, textiles can be engineered to meet specific needs but realistically, no one fabric 
will provide protection against all hazards. Rossi (2005) suggests that a firefighter's PPE has 
the most pronounced contradiction between protection and comfort. Moreover, the level of 
protection required differs between fire jurisdictions, further complicating appropriate 
selection of Station Wear materials in the absence of a relevant Australian Standard to outline 
set performance criteria. As a result, technical problems arise in trying to produce functional, 
yet comfortable secondary protective textiles that work harmoniously together during main 
working time.  
 
2.5.2 Design considerations of Station Wear uniforms  
With emphasis on improved functionality, the design of firefighting Station Wear uniforms is 
moving away from the traditional, tailored garments of yesteryear and towards high-
performance, fire-resistant (FR) work wear in the form of cargo trousers and knitted polo-
style shirts. Worn in conjunction with Turnout and other PPE in emergency situations, the risk 
of flame exposure for Station Wear is generally considered to be low-to-medium (Horrocks 
2005). However in situations not requiring Turnout Gear, Station Wear must perform as 
secondary protective work wear to prevent firefighters from further injury during firefighting 
or other operations.  
 
Consequently, the physical characteristics of protective fabrics are crucial in determining the 
performance of protective clothing even though it is the clothing itself that provides 
protection rather than the individual textile material (Holmes 2000). The selection of textiles 
for protective clothing involves four main principles (McCullough 2005; Shaw 2005): 
 Assess hazard type and severity (e.g. fire, thermal (extreme heat or cold), biological 
and physical) based on developed scenarios and requirements of the working 
environment (e.g. air temperature, humidity); 
 Identify relevant Standards, specifications or guidelines to establish if performance 
requirements are well defined, not defined, or have no requirements; 
 Screen materials based on protection performance (e.g. flame, thermal, mechanical, 
chemical and biological  protective performance),  and 
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 Select materials based on their major factors (e.g. job performance, comfort, 
durability, product costs, use, care and maintenance and cultural factors). 
 
To achieve high user acceptance, fire authorities must satisfy both physical and psychological 
performance criteria of protective clothing systems. In designing, manufacturing and testing 
Experimental Station Wear fabrics, the following considerations formed the basis for raw 
material selection and fabric design: 
 Improved protection: Flame-resistant (FR) protective materials should be selected for 
professions with work environments posing greater risk of garment ignition and 
burning. To maintain heat-flow properties, Station Wear fabrics should resist ignition 
or should self-extinguish upon removal of the ignition source, and remain intact 
without forming holes, shrinking, melting or adhering to the wearer's skin upon 
contact with intense heat or flame. Initially more expensive but more effective long-
term, fabrics containing inherent FR yarns help maintain protective performance 
properties during repeated washings.  
 Strength, durability and maintenance: For long hours of wear during both rest and 
bursts of physical activity, Station Wear fabrics require robust strength to ensure in-
use durability and prolonged service life. Strength retention of thermally or UV 
degraded fabrics for environments with strong sunlight also influence durability and 
protective material properties. 
 Maintenance of thermo-physiological comfort: Greater fire frequency and warming 
temperatures across Australia highlight the need for improved heat and moisture 
transfer capabilities through protective clothing layers to assist human 
thermoregulation, reducing activity-related hyperthermia and firefighter fatigue. 
Comfort perceptions also relate to the moisture handling and drying properties of 
protective fabrics worn next-to-skin. 
 Reduced weight: For physiological performance and the health and safety of 
firefighters working in warmer environments, lighter Station Wear fabrics aim to 
improve compatibility between protective clothing layers, lessening general clothing 
bulk while increasing mobility.  
 Aesthetic elements: Together with sensorial comfort, appearance in terms of colour 
variation, garment design and fit are deciding factors in user acceptance to fulfill 
social and personal expectations.  
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A connection between a fabric's protective performance and human performance must be 
made to ensure ultimate protection and comfort for the wearer. Burn injuries whilst wearing 
FPC are directly related to the firefighter's thermal exposure; incident heat flux intensity and 
the way it varies during exposure; the physiological functions which regulate heat retention 
within the human body (i.e. insulation between heat source and the skin, sweating and 
evaporative cooling) and the protective ensemble's performance capabilities (Holmes 2000; 
Horrocks 2005; Purser 2001). In addition to protection against heat and flame, FR materials 
decrease thermally-induced garment shrinkage that reduce air layers and increase heat transfer 
to the skin during intense heat exposure (Holmes 2000; Scott 2000; Song 2005, 2007). 
 
Typically, thermally-protective textiles have area densities exceeding 250 g/m
2
. Therefore, 
fabrics performing as stand-alone garments usually lack breathability due to their primary 
necessity to protect the wearer from heat and flame. In general, the balance between heat 
production and heat dissipation is difficult to maintain. In hotter temperatures where heat 
stress is more prevalent, light-weight Station Wear fabrics with good moisture management 
properties seek to regulate the body's thermo-physiological response, reducing core 
temperatures and excessive sweating as physical work in heavy protective clothing becomes 
strenuous. The physiological benefits of minimizing additional clothing weight are not 
exclusive to warmer environments, so long as the material or protective clothing system in 
question possesses adequate insulation for thermal protection in colder climates.  Conversely, 
Station Wear could be designed to provide seasonal coverage using appropriate fabric 
weights.  
 
Wear comfort extends beyond heat stress tolerance and into the acceptability of FR protective 
clothing based on sensory perceptions of thermal and tactile sensations (Yoo & Barker 
2005b). The breathability of protective clothing is subject to individual body chemistry, 
metabolic activity levels and surrounding weather conditions. A sense of comfort is 
maintained when fabric fibres have the ability to absorb and disperse excess moisture vapour 
accumulated at the skin's surface, keeping humidity low and skin-to-clothing contact minimal 
without reducing the material's thermal insulation, or increasing clothing weight (Bishop 
2008; Holmer 2005).  
 
Depending on temperature, duration and frequency of exposure to harsh physical and 
environmental conditions, thermal aging and UV degradation of protective clothing plays a 
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key role in durability and service life of materials beyond frequent maintenance and correct 
storage conditions.   
 
Ordinarily, PPC will deteriorate over time due to general wear and tear expected of the job 
being performed. However, the failure of protective textiles to maintain thermal and structural 
integrity due to polymer degradation from UV light exposure may unnecessarily put the 
firefighter wearing the uniform at risk, since visual indications of deterioration often become 
evident only after major damage has already transpired. This is a real concern for secondary 
PPC like Station Wear that is worn daily, since fibres used for their heat-resistance (e.g. 
polyamides) are also susceptible to photo-degradation when exposed to UV light (Day, 
Cooney & Suprunchuk 1988).  
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Chapter 3: Materials (Fibres, Yarns, Fabrics & Finishes) 
 
3.1 Current firefighting Station Wear fabrics in Australia 
A single firefighting ensemble consists of varying fibre blends and fabric constructions in 
multiple weights and clothing layers, leaving firefighters to face a trade-off between personal 
protection and thermal stress when performing their activities. The continued demand for new 
materials with higher expectations of functionality and performance is often prompted by fire 
agencies and firefighter unions alike, calling attention to the issue of firefighter safety and 
protection. This issue receives more attention during large scale events, natural or otherwise, 
and especially if a firefighter becomes seriously injured or dies as a result of active duty.  
 
In order to compete with what is currently commercially available for Station Wear, clothing 
factors, including the use of high-performance fibres, intimate yarn blends, alternate fabric 
designs, and fabric weights will need to be considered to allow for a more effective, yet light-
weight solution to be achieved.  
 
In addition, Station Wear must comply with certain ergonomic requirements so that protection 
is not compromised by increased physiological or mental strain that may enhance discomfort 
and impair performance (e.g. reduced uniform mobility and dexterity) (Holmer 1995; Jeffries 
1989; Rossi 2005; Shaw 2005; Yoo & Barker 2005a). Because Station Wear increases 
protection when worn as part of Structural or Wildland PPE, consideration shall be given to 
the fact that any increase in its level of protection will result in a corresponding increase in the 
potential for heat stress. However, a compromise almost always exists in the level of 
protection, strength and comfort properties afforded by any one fabric. Table 3.1 identifies 
current Station Wear fabrics/blends used within Australian Fire & Rescue Services PPC. 
 
Table 3.1 Current Station Wear materials used within Australian Fire & Rescue Services (R. 
Shephard AFAC [Australasian Fire and Emergency Service Authorities Council] 2016, pers. 
comm. 22 June).   
Item of PPC Fabric/Blend 
Station Wear Trouser 100% Proban® treated Cotton 
70% Kermel®, 30% Viscose 
70% Wool, 30% FR treated Polyester/Cotton/Nylon 
70% meta-aramid, 30% Nomex®/FR Viscose 
55% Modacrylic, 45% Cotton 
PR97 (i.e. 50/45/5 Wool, Lenzing FR®, Cotton blend) 
Nomex®/FR Viscose 
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Polyester/Viscose (i.e. for Volunteers) 
Station Wear Shirt TenCate Tecasafe® 
100% Cotton (e.g. T-shirt, polo shirt) 
100% Proban® treated Cotton (e.g. polo shirt) 
80 % Polyester, 20% Viscose (i.e. for Volunteers) 
65% Polyester, 35% Cotton (e.g. uniform shirt) 
55% Modacrylic, 45% Cotton 
Nomex®/FR Viscose 
 
Generally, Station Wear trousers are produced in heavier fabric weights (i.e. 200-250 g/m
2
) 
than Station Wear shirts (i.e. ranging between 105-180 g/m
2
). Although still used, many 
within the industry have moved away from flame-retardant treated cotton (e.g. Proban®), 
flame-retardant treated wool (e.g. Zirpro®), and cotton/polyester fabric blends, and have 
moved towards materials containing modacrylics, cellulosics and aramid fibre blends to 
improve overall comfort and wear-ability (e.g. TenCate Tecasafe® Plus, Westex Indura®, 
Kermel V50 (50% Kermel®, 50% FR Viscose), Kermel V70 (70% Kermel®, 30% FR 
Viscose), PR97 (50% Wool, 45% Lenzing FR®, 5% Cotton), and Melba Sentinel® Bruck 
Textiles™).  
  
Although Nomex® and variations of Nomex® fabrics (e.g. Nomex® III A by DuPont™ 
containing 93% Nomex®, 5% Kevlar®, 2% anti-static fibre) allow garments to be worn on 
their own at low-risk fire incidents, Standard Operating Procedures (SOP's) are still required 
in these situations. When compared with Proban® treated cotton that is typically favoured for 
its affordability, light weight, durability, and low thermal shrinkage in a fire despite its poor 
protective, handle, and appearance properties once in-use, the cost of Station Wear materials 
containing inherent fire-resistant (FR) fibres (e.g. Nomex®) is a significant issue that may 
well prove too costly for some fire services to pursue.  
 
In Australia, recent trials, rolling-out new-generation Station Wear that more suitably reflects 
the role and function of firefighters today, are still very much a work-in-progress, one that has 
not been adopted by all State fire brigades. This issue is further complicated by the absence of 
an Australian Standard for firefighting Station Wear, since current Station Wear materials 
must comply with Standards used for primary protective clothing or Turnout Gear (e.g. 
AS/NZS 4824:2006). In these instances, Integrated Clothing Projects (ICP) can offer an 
attractive option for fire and rescue authorities in their decision to choose appropriate PPC 
that forms part, or all of the protective clothing worn in a firefighter's complete protective 
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ensemble. Although limited to certain textile manufacturers, ICP's can benefit the overall 
protective performance of the clothing system in question. 
 
The common types of fibres used in protective clothing, along with any relevant properties, 
have been investigated in order to gain an understanding of how to best achieve the desired 
fabric properties. 
 
3.2 Fibre selection, intimate yarn blends and flame-retardant finishes for Station Wear  
Nowadays, the list of heat-resistant and flame-resistant textiles available for safety and 
protective clothing is extensive. Adanur (2001) suggests that thermal protective textiles may 
be categorised by polymer temperature stability in a continuous filament (CF) yarn (i.e. the 
combustibility of the polymer is measured accordingly to high and low temperature stability). 
Alternatively, a simpler approach is taken by Horrocks (2005) whereby heat-resistant fibres 
(commonly measured by their ability to char), and fire-resistant fibres (measured by the 
Limited Oxygen Index (LOI), with fabrics obtaining a LOI > 21 denoting high flame-
resistance), are grouped by similarities in molecular structure and resultant characteristics 
(e.g. aramids, thermosets, semi-carbons, etc.). 
  
The importance of fire-resistant properties in technical textiles minimises the potential risks 
associated with professionals being exposed to the threat of fire (e.g. firefighters, pilots, race 
car drivers, etc.), increasing thermal protection to withstand a combination of conductive, 
convective and radiant thermal energy. Inhibiting flame spread by decreasing the perimeter of 
the fire also prevents potential property damage, human injury and death (Horrocks 2005; 
Purser 2001). 
 
Char-forming polymer technology is used abundantly within fire protective textiles to modify 
the combustion process by retarding ignition, smoke release and burning rates, in addition to 
providing a barrier against heat and mass flow while sustaining further possible ignition 
(Miraftab 2000; Price, Anthony & Carty 2001). Fibres suitable for protective clothing may be 
classified as either inherently flame-resistant (FR) where, FR properties are introduced during 
the fibre forming stage (e.g. meta-aramids and polybenzimidazole (PBI®)), or as chemically-
modified flame-retardant fibres and fabrics (e.g. flame-retardant treated cotton, Zirpro® wool 
and synthetics) (Holmes 2000). 
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Chemically related to the meta-aramid family, the polyamide-imide fibre Kermel® has 
similar properties to meta-aramid fibres in terms of mechanical performance and resistance to 
elevated temperatures, beginning to char at 400°C. Kermel® is typically blended with wool or 
flame-retardant viscose in 50/50 blends for Station Wear uniforms, or with high-tenacity 
aramids for Turnout Gear (Jeffries 1989; Makinen 2005).  
 
 
Aromatic polyamides (i.e. para-aramids and meta-aramids) are popularly used in firefighting 
PPC for their superior heat and flame resistance, high tensile strengths and ability to be 
blended well with other fibres. Their rigid structure and high LOI (28.5-30) can withstand fire 
and the possibility of flash-fire exposure, with limited thermal shrinkage and degradation 
without melting (Horrocks 2005). Small amounts of para-aramid fibres may be blended with 
meta-aramid fibres for additional char stability, durability and tensile strength. 
 
Polyamides differentiate from each other by the position of the substituting units around the 
stable benzene ring, and these define their distinguishing characteristics. The meta-position 
creates fibres with a high thermal resistance, and good resistance to fibre degradation by a 
wide range of chemicals and industrial solvents (e.g. Conex®, Teijin™ and Nomex®, 
DuPont™), whereas the para-position creates fibres with high-performance mechanical 
characteristics providing greater strength, resistance to cutting and tearing while maintaining 
similar thermal and chemical stability to meta-aramids (e.g. Kevlar®, DuPont™, Technora®, 
Teijin™ and Twaron®, Teijin™) (Jeffries 1989; Makinen 2005).   
 
Aramid fibres do not support combustion and do not melt, however they are susceptible to 
UV light degradation and will yellow and degrade rapidly at temperatures greater than 370°C. 
The addition of FR Viscose or flame-retardant treated wool to protective Station Wear fabric 
blends, can improve wearer acceptability in terms of comfort and moisture management, also 
limiting the amount of UV absorbed by the fabric depending on the structural design. 
 
Nomex® meta-aramid, poly(meta-phenylene isophthalamide) molecule is characterised by 
replicating aromatic units with alternating strong amide -CO.NH- and imide -CO.N< groups 
that must account for 85% of the structure, giving the fibre its necessary thermal, tensile and 
chemical resistance properties (Hearle 2005; Horrocks 2005; Kandola & Horrocks 2001).  
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Although Nomex® meta-aramid and Kevlar® para-aramid share similar polymer structures, 
the phenylene chemical bonding arrangement in Nomex® changes the rigidity of the 
structure, resulting in lower stiffness, softer handle and higher elongation characteristics that 
make the fibre more suitable for protective work wear applications (DuPont 2001, p. 22). 
Unlike conventional fibres which ignite and burn in air, Nomex® absorbs heat energy by 
carbonising. The insulative barrier which forms between the heat source and the skin blocks 
convective heat transfer that may result in further burn injury, with fabric structures retaining 
their flexibility until cooled down. For comparison, PBI® fabrics tend to remain more 
malleable after being exposed to direct heat and flame, forming a non-brittle char that 
prevents the fabric from breaking-open once cooled. However PBI® has significantly poorer 
UV resistance, making the fibre less suitable for everyday work wear exposures and 
scenarios. 
 
Despite having a higher moisture regain than Nomex®, cotton fibres cannot maintain anti-
static properties in low humidities. The addition of static dissipative fibres to Nomex® fabric 
blends (e.g. Nomex® III A) means that anti-static performance is not dependent on ambient 
relative humidity. Unless subject to an intense combination of heat and saturated moisture, 
Nomex® will retain its tear strength and abrasion properties at elevated temperatures, unlike 
flame-retardant cotton or cotton fabrics of heavier weights (DuPont 2001).  
 
Whether using conventional or modern materials, fire protective textiles must offer adequate 
heat and flame protection, resistance to heat stress and fatigue, as well providing an 
acceptable level of comfort without impeding job performance. 
 
Popularly used in undergarments and mid-layer (i.e. Station Wear) protective clothing 
materials, natural fibres such as cotton may be blended with synthetic fibres such as polyester 
and nylon to improve durability, abrasion resistance, moisture absorbency and comfort 
properties. For firefighters working in Station Wear, both inside and outside the fire station, 
fabrics that offer comfort and moisture management systems (e.g. wicking properties) are 
advantageous in conditions where temperatures fluctuate between hot and cold environments. 
Unfortunately, these fibres support combustion and pose a significant threat to the wearer if 
ignited, unless treated with a flame-retardant finish in fibre or fabric form. The degree of 
injury caused by burning garments is contingent upon many factors including the burning or 
melt behaviour of the textile material itself. 
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The initial appeal of combining natural fibres with flame-retardant systems (whether 
impregnated into the fibre or used as a topical treatment), allows innate fibre properties to be 
maintained whilst delaying or inhibiting flame spread. Advances in protective textile fibre 
technology since the 1970's, have essentially begun to phase out finishes like Proban® and 
Pyrovatex® used primarily within secondary PPC for firefighting, military, petrochemical, 
and welding applications (Holmes 2000; Horrocks 2005; Miraftab 2000; Scott 2000).  
 
However, environmental and health concerns regarding the toxic nature of some flame-
retardants has resulted in the discontinued use of phosphorus or antimony-bromine-based 
systems in these textiles. Complications regarding non-uniform phosphorous deposits on 
surface fibres, compromise their char-producing properties, as well as leading to harsh handle 
and excessive laundering (Horrocks 2001, 2005; Scott 2000).  
 
Similar to Proban® treated cotton and poly/cotton materials, Indura Ultra Soft® fabrics offer 
secondary personal protection against heat and flame hazards in firefighting, petrochemical 
and steel industries. Likewise, both these fabric technologies utilise specific patented 
ammonia-based curing systems that are dependent on a chemical reaction taking place to 
extinguish flames.  
 
Despite providing greater moisture regain, comfort properties, and being significantly cheaper 
to manufacture, chemically-treated textiles risk producing toxic gases (including smoke) 
which may be harmful to the wearer. 
 
A recent study, authorized by the Australasian Fire and Emergency Services Authorities 
Council (AFAC) that investigated possible levels of contamination found in Australian 
Wildland PPC, unexpectedly revealed that low levels of formaldehyde exposure exist whilst 
wearing Proban® treated garments. This issue is made worse by storing PPC in confined 
spaces, and by not washing Proban® garments before they are worn for the first time, and 
after each use to minimise the amount of dust and particulate matter trapped in uniforms. 
Although a potential skin irritant for firefighters, records indicate the incidence of cancers 
associated with formaldehyde are not elevated for Australian firefighters (Australasian Fire 
and Emergency Services Authorities Council (AFAC) 2015). However, further investigation 
of the effects of chemicals used in firefighting, or for fire protection fabrics may be warranted, 
especially in light of some recent revelations regarding the Fiskville CFA facility (Livingston 
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2016; Parliament of Victoria, Environment, Natural Resources and Regional Development 
Committee 2016).  
   
Other than performing as functional protective work wear, Station Wear should serve to 
protect firefighters against additional harm in the event that Turnout Gear is compromised 
during primary firefighting operations. Although cotton efficiently wicks away moisture and 
seems to remain dry to the wearer, untreated cotton fabrics have poor thermal stability and 
will readily ignite and burn rapidly (i.e. ignition temperature = 255°C, LOI = 18.4).  
 
With the exception of flame-retardant polyester (Trevira CS), the compatibility of synthetic 
fibres (e.g. polyester, polypropylene and polyamides) impregnated with a flame-retardant 
material added prior to or during polymer extrusion to make them inherently flame-retardant, 
is limited due to the high melt-extrusion temperatures used (Horrocks 2001).  
 
On their own, high-tenacity meta-aramid Nomex® fibres impart the necessary durability and 
inherent flame-resistance required from protective fabrics. For Station Wear, enhanced wear 
comfort including better fabric drape and handle may be achieved by blending Nomex® with 
other fibres such as FR cellulosics, or natural fibres such as wool during yarn production 
and/or fabric construction. Since Nomex® is a UV-sensitive fibre, blending different, yet 
compatible fibres may also improve UV resistance and aging properties, in addition to 
lowering the price of pure aramid fabrics for fire brigades. 
 
 
Viscose rayon fibres are typically classified into two main groups: regular viscose rayon, and 
modified rayons (e.g. High Wet Modulus (HWM) rayon). Suitable blending partners with 
most fibres, popular types of modified rayons include High Wet Modulus (HWM) rayon (e.g. 
polynosic rayon or MODAL™) and Lyocell (e.g. Tencel® Lenzing AG™), both eco-friendly 
fibres said to have equal wet strength properties to those of cotton, and flame-resistant viscose 
(e.g. available under various trademarks including Lenzing FR®, Lenzing Group™ and 
Visil®, Sateri™).  
 
Inherently flame-resistant (FR) Viscose is a specialty fibre manufactured by adding one or 
more non-soluble flame-retardants into the spinning dope before extrusion, imbedding 
permanent flame-resistant properties within the fibre's cross section that cannot be removed 
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with wear or laundering. The fire-resistant, char-yielding properties that occur in the Visil® 
fibre result from the dehydrating reaction between cellulose and polysilicic acid, leading to an 
accumulation of amorphous regions in the thickened fibre (Heidari & Kallonen 1993; Heidari, 
Parén & Nousiainen 1993). 
 
Typically, FR cellulosic staple fibres are intimately blended with meta-aramid fibres or other 
high-tenacity fibres during staple yarn manufacture, to improve the fabric's thermal stability 
and performance (e.g. higher fabric break-open capacity, no melting or shrinking on exposure 
to heat or flame), heat management, moisture regain and UV resistance properties. FR 
Viscose is also easily dyed to resemble traditional-looking apparel fabrics (Adanur 2000; 
Gupta 2007).  
 
 
Unlike cotton which contains cellulose that readily ignites and burns, wool is a naturally 
flame-retardant animal fibre containing the protein keratin. Wool contains more than 170 
different protein structures and 18 naturally-occurring amino acids that vary in size, and may 
be grouped according to their chemical properties: hydrocarbons, which are hydrophobic; 
hydrophilic; acidic; basic; and amino acids that contain sulphur. Each amino-acid contains an 
acid group (carboxylic), a basic group (amine), and a radical (R), which determines the nature 
of the amino acid. The carboxyl and amino groups in wool are important because they give 
the fibre its atmospheric and pH buffering properties (i.e. the ability to absorb and desorb 
water, acids and alkalis).  
 
The chemical bonding in wool fibres allow moisture vapour to be pulled into the fibre itself 
(they have 'regain' properties). Fabrics containing wool fibres that are in close contact with the 
skin, effectively disperse perspiration by collecting it at the skin's surface, and releasing it into 
the surrounding atmosphere to speed up the transfer process of moisture (i.e. moisture vapour 
buffering, also known as breathability). Wool possesses a high moisture vapour absorbing 
capacity (approx. 35% of its dry mass at 100% humidity) and can handle smaller amounts of 
moisture without losing its insulation properties. For this reason, fabrics containing wool and 
wool blends are suitable to be worn next-to-skin in an effort to keep the skin dry, and 
counteract the clammy, humid conditions within clothing microclimates that can result from 
sweating. A product of both metabolic heat and moisture generation, the micro-environment 
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is the volume between the wearer’s skin (e.g. firefighter) and the outermost layer (Bishop 
2008, p. 229). 
 
The heterogeneous composition of wool is responsible for the fibre's unique chemical 
characteristics and physical properties. Accounting for 10% of the fibre, the cuticle, which 
forms the serrated scaly sheath around the cortex of the fibre, is responsible for felting 
properties and wool's associated bulk characteristics. Giving wool its physical properties such 
as crimp and high moisture absorbency, the cortex consists of countless long, spindle shaped 
'cortical cells' that comprise 90% of the fibre. Helical micro-fibrils found within the cortex 
provide wool with its natural resilience, elasticity and wrinkle recovery properties, important 
characteristics in maintaining the professional looking appearance of Station Wear uniforms 
(CSIRO 2008).   
 
In addition to a high LOI (25.2) and ignition temperatures (570-600°C), the fibre's nitrogen 
content (14%) does not readily support ignition, burning or combustion. If subjected to a 
powerful heat source, wool may be ignited, however it should not continue to burn or smolder 
once the heat source is removed. Instead of melting or dripping like many synthetic fibres, 
wool foams and produces a self-sustaining char to prevent further flame spread. The level of 
flame performance can be improved using titanium and zirconium complexes (e.g. Zirpro® 
finish) that increase the LOI of woolen fabrics, and produce an intumescent char beneficial to 
PPC that requires optimal insulation properties (CSIRO Textile and Fibre Technology 2008; 
Holmes 2000). The affinity of wool to absorb dye stuffs and be treated with finishes, 
including flame-retardants, continues to pose difficulties for textile and protein chemists alike 
(Horrocks 2001). It should also be noted that Zirpro®, has been linked to concerns about 
possible carcinogenic effects.  
 
Typically reserved for leisure and sportswear applications, the commercial release of  
Sportwool™ in 2000, prompted the reintroduction of natural fibres like merino into secondary 
protective clothing applications, because of their superior moisture management and comfort 
properties (Black et al. 2005). Australian merino is suitable for worsted processing and ranges 
from 17-25 μm in diameter. Merino naturally absorbs and releases moisture, promoting 
conductivity and dissipation of static electricity which is important to occupations where 
sparks are hazardous. A suitable blending partner to Nomex®, merino may increase the 
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protective performance (e.g. flame and UV resistance) and comfort performance (e.g. wicking 
and breathability) of Station Wear fabrics.  
 
Known as the 'prickle factor' or 'itch point', wool fibres above 28 μm tend to cause 
uncomfortable and sometimes allergic skin reactions. To improve aspects of tactile comfort 
including fabric feel, smoothness and the handle of Station Wear fabrics, finer merino yarns 
in longer fibre lengths would be required. This would minimise the number of protruding 
fibres typically responsible for the irritation firefighters associate with wearing traditional, 
woolen garments next-to-skin.  
 
In analysing the physiological and behavioural temperature regulation of firefighters 
suppressing Australian summer bushfires with hand tools, Budd (2001b) concluded that light 
cotton or wool clothing effectively shielded firefighters from radiant heat, without hindering 
the free evaporation of sweat at the high rates required (i.e. approx. 1 L/hour). However, 
protective fabrics containing hygroscopic fibres like cotton, or regenerated fibres like viscose 
as their main fibre component, may become problematic in PPC, if the textile becomes 
saturated with moisture.  
 
3.3 Yarn selection   
Improved functionality and performance requirements of technical protective textiles, means 
that all components involved in a fabric's actual construction (i.e. from raw fibre selection to 
the finished fabric) are analysed to achieve the desired protection, comfort and durability 
properties, as well as the target fabric weight (Scott 2000). In developing the Experimental 
fabrics, the functionality requirements of Station Wear (Table 3.2), along with the desired 
physical attributes aid raw material selection (fibres and yarns) and fabric design. 
 
Table 3.2 Functionality requirements, characteristics of Station Wear materials and required 
physical properties of fibre/yarn. 
Required function of 
Station Wear 
 Station Wear fabric 
material characteristics 
Required physical properties of 
fibre 
Protection Resistance to heat and 
flame 
Burning behaviour: fibres with 
high Limited Oxygen Index (LOI) 
values tend to resist ignition, 
absorb heat, not continue to burn, 
melt, drip or adhere to skin and 
are char forming 
High cover factor Fine yarn count (tex) 
Strength, Durability & Resistance to tear and High fibre strength 
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Maintenance tensile strength Good abrasion resistance 
UV Resistance: thermal 
aging 
UV protective characteristics 
Thermo-physiological 
Comfort 
Thermal resistance Insulation properties 
Resistance to shrinkage 
Vapour permeability 
(breathability) 
Moisture buffering capacity 
 
Sweat absorption Good absorbency and moisture 
regain 
Fast drying Good wicking ability 
Blending different fibres to 
balance desired properties 
Light weight Fine yarn count (tex) 
Aesthetics Softness, handle and drape Smaller fibre diameter 
Smoothness/low irritant fibres or 
intimate blends to improve 
sensory comfort 
Colour variation Easy to dye 
 
For the purpose of this study, all Experimental Station Wear fabrics have been designed and 
woven from yarn state, using existing commercially-obtainable yarns in preferred fibres and 
blends. Yarn characteristics that would influence a fabric's properties include:  
 Fibre type and/or blend ratio;  
 Fibre length (i.e. staple or continuous filament (CF)), and the properties of the fibre 
itself; 
 Yarn count (e.g. tex) in relation to mass per unit area (g/m2), and 
 Yarn structure (e.g. singles, two-fold or other). 
 
Where possible, inherent fire-resistant (FR) finishing technologies have been incorporated 
into yarns to offer greater flame protection, extend garment life-expectancy, and eliminate the 
need for a finish to be applied. Possible toxic hazards associated with flame-retardant 
chemical finishes are also significantly reduced, with costly manufacturing processes 
removed during and after fabric production.  
 
The following fibres were chosen with fire-resistance, strength and comfort in mind: aramid 
(meta-aramid and para-aramid blends), Nomex®, FR Viscose and merino. Thus, yarns 
containing polyester were considered, but later omitted due to the fibre's thermo-plasticity, 
accelerated polymer degradation rates, and potential melt hazards that result in a molten-like 
substance sticking to the wearer's skin upon contact. 
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Since firefighting involves intermittent bursts of physical activity that result in excess 
moisture (e.g. sweat or condensed water-vapour) being trapped between protective clothing 
layers, the movement of moisture is important to wear comfort and safety with regard to 
maintaining thermal equilibrium and minimising the effects of heat stress. Once fabrics have 
absorbed moisture, discomfort remains until the fabric has dried completely, because the 
water absorbed by fabric fibres generally evaporates last. This increases final fabric weight 
and discomfort through wet-clinginess, lengthening fabric drying time and increasing the 
possibility of post-exercise chill (Holmer 2005; Li & Wong 2006 p. 79 cited in Bishop 2008, 
p. 240; Stegmaier, Mavely & Schneider 2005). 
 
As a result, highly-absorbent fibres like merino should be added sparingly to Experimental 
Station Wear fabrics. Since maintaining fabric strength when wet is also a priority, FR 
Viscose will only be incorporated in intimate yarn blends with Nomex®. To a certain extent, 
compatibility issues regarding the fabric's overall flame performance may be addressed using 
intimate yarn blends. However, blending fibres with varying levels of flame-resistance to 
compensate for increased comfort properties, may in fact degrade the fabric's flame 
performance as a whole, possibly compromising the formation of a protective char structure 
and reducing fabric break-open capacity.  
 
Durability and mobility are primary functions to meet crucial performance needs. Depending 
on fabric construction, longer fibre lengths contribute to yarn strength performance which is 
also indicative of a softer, smoother fabric handle. To improve fabric comfort performance, 
high-tenacity, synthetic CF fibres used for their inherent FR properties may be cut into shorter 
staple lengths, allowing different fibres to be intimately blended as twisted yarns.  
 
Depending on weave structure and the compactness of the weave itself, a fabric's cover factor 
can influence protective and mechanical performance properties. For instance, fabric burning 
behaviour is affected by yarn geometry and weave structure. In contrast to densely-woven 
fabric structures, open-weave structures with low fabric area densities tend to support 
combustion, burning rates and heat exchange (Baltusnikaite, Suminskiene & Milasius 2006; 
Garvey et al. n.d. cited in Horrocks 2001, p. 136; Jeleniewski & Robinson 1995). 
Consequently, the maximum number of warp ends and weft picks required to weave the 
desired fabric weight (i.e. between 140-160 g/m
2
) were considered when selecting suitable 
yarn counts, since higher yarn counts increase final fabric weight and limit overall pick/end 
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densities. Thus, finer yarns counts were sourced to create light-weight, protective fabric 
alternatives compared to what is currently commercially available for Station Wear.  
 
Two-fold yarns were selected to aid fabric strength and sensorial comfort. Folded yarns tuck 
away fly ends, reducing hairiness and creating a smoother more uniform yarn. This results in 
a better fabric handle, less stiffness and a more supple feel because yarns are not being over-
twisted to compensate for lack of strength. Twist essentially determines the strength of the 
yarn, and has a direct implication on the strength properties of a finished fabric. Highly 
twisted yarns can create problems like snagging during weaving, whereas yarns containing 
low twist often suffer strength loss, and hairiness becomes an issue. Performance 
characteristics such as twist level (e.g. Turns per metre or T/m) and strength are normally 
predetermined during yarn manufacture.  
 
When tested in accordance with AS 2001.2.14-1987, Determination of twist in yarns, each 
single leg of the two-fold yarn had a 'Z' direction twist level ranging from 650-800 T/m, and 
when formed into a two-fold obtained a 'S' direction twist level ranging from 550-750 T/m. 
Due to merino's natural fibre variability, a slight variation in single-yarn uniformity was 
observed. 
 
Knowing that the Experimental fabrics are intended to be used for fire protection, the 
following two-fold yarns were deliberately selected for their fire-resistance, strength, comfort 
and UV properties, as they have potential to produce a final fabric with these characteristics: 
 The first yarn, intended as a common warp yarn, consisted of a 93/5/2 blend of meta-
aramid fibre, para-aramid fibre and anti-static fibre 
 The second yarn, intended as one possible weft insertion, consisted of a 53/47 intimate 
blend of FR cellulosic fibre (i.e. FR Viscose) and meta-aramid fibre (i.e. Nomex®) 
 The third yarn, intended as a weft insertion, was a traditional worsted yarn comprised 
of 100% natural superfine (18 μm) merino fibres, non shrink-proofed, and  
 The fourth yarn, intended as a weft insertion, comprised of 100% natural merino (20.5 
μm) fibres, was shrink-proof treated and obtained in a higher yarn count. 
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Table 3.3 Experimental samples fibres and yarns.   
No. Yarn Fibre composition Micron 
(μm) 
Blend ratio  
(%) 
1 Common Warp meta-aramid/para 
aramid/antistatic fibre 
n/a 93/5/2 
2 Weft insertion FR Viscose/ Nomex® 
intimate blend 
n/a 53/47 
3 Weft insertion Superfine merino wool  
(non shrink-proofed) 
18 100 
4 Weft insertion Merino wool  (shrink-proof) 20.5 100 
 
Where possible, yarn specifications were sourced or provided by local and international 
textile manufacturers and distributors. Samples of the yarns considered to meet fabric 
production criteria were obtained and initially tested for accuracy, especially in terms of yarn 
count, before being purchased in the required quantities.  
 
Since not all fibres could be obtained as an intimate-yarn blend (e.g. merino/Nomex®, 
merino/FR Viscose), it was important to source yarns of similar counts (tex) because it would 
influence the fabric's blend ratio. Given that the common aramid warp yarn would comprise 
50% of each Experimental fabric blend, the selection of alternative weft yarns was crucial in 
achieving the preferred protective and comfort performance properties of the final Station 
Wear fabrics. Since fabrics containing a high percentage of aramid fibres tend to be more 
sensitive to UV radiation, different combinations of natural, FR cellulosic and high-tenacity 
synthetic fibres in fabric blends, may have a positive or negative effect on degradation 
performance. 
 
Station Wear is a semi-utilitarian uniform that needs to project professionalism and instill 
confidence in the wearer. Experimental Station Wear materials should therefore look like 
dress fabrics, yet perform as functional work wear with protective performance properties like 
flame-resistance built in. From the point of view of uniform aesthetics, protective fabrics 
containing blends of highly crystalline aramid fibres benefit from being dyed in yarn state, 
however all sourced yarns contained fibres that may be dyed in fibre (producer coloured 
fibres), yarn, fabric, or garment (piece dyed) form.  
 
3.4  Woven fabrics  
In firefighting PPC, base-layer fabric constructions typically consist of knitted materials (e.g. 
underwear, singlet and socks) that easily conform to the wearer's skin, providing necessary 
insulation and comfort without restricting movement when worn in conjunction with each 
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successive, protective clothing layer. In contrast, Turnout Gear consists of multiple fibre 
blends and fabric constructions (e.g. woven, knitted and non-woven fabric structures) to 
provide the highest of protective functions against heat, fire, flame, humidity and moisture.  
 
Since heat fatigue increases with clothing weight and complex protective fabric structures, 
appropriate fabric constructions for Station Wear should consider the uniform's relationship to 
the wearer (e.g. providing protection, comfort and insulation), operational activities (e.g. 
range of movement and durability), and the likely environments encountered whilst on duty. 
Both knitted and woven fabrics may be used in Station Wear, however woven fabrics are 
favored in protective work wear applications for their superior strength, greater stability and 
protective performance properties, compared with other fabric structures. 
 
Depending on fibre genus and the proposed fabric end use, simple weave structures including 
plain, twill (e.g. 2/1 twill, 3/1 twill, 2/2 twill), and variations of twill weaves (e.g. twill rip-
resist) are commonly used in firefighting PPC and work wear applications, in single-layer and 
two-dimensional weave structures.  
 
A fabric's construction and weight per unit area (g/m
2
) determine suitability for a specific 
application and/or working condition. Baltusnikaite, Milasius and Suminskiene (2006) 
recognise that fabric weight, air permeability and cover factor cause changes in the flame-
retardant characteristics of fabrics. Similarly, a review by Mukhopadhyay and Midha (2008) 
on waterproof and breathable fabrics suggests that liquid penetration is restricted in densely 
woven fabrics, where air gaps and pore sizes are minimised. Where primary protection against 
direct heat and flame is required, heavier fabric weights (e.g. 320-400 g/m
2
) in complex fabric 
structures increase the fabric thickness to offer greater thermal insulation and protective 
properties for Turnout. Alternatively, sufficient thermal protection for Station Wear as work 
wear, may be achieved using lighter-weight alternatives in tightly woven constructions 
without negatively impacting wear comfort. 
 
The connection between high-density woven structures, fabric burning behaviour and 
permeability properties suggest careful consideration must be given to fibre choice, yarns and 
fabric construction. The resultant physical properties and performance characteristics of 
woven fabrics are therefore determined by the raw material (fibres and yarns) specification, 
the weave specification, and whether the fabric has been affected by a finish. The weave or 
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fabric specification outlines the parameters of the fabric structure. Typically, the weave 
pattern repeat (e.g. plain weave, twill weave, satin weave), fabric sett (i.e. warp ends/cm and 
weft picks/cm), yarn crimp percentage (i.e. according to weave repeat and degree of 
interlacement), and area density (i.e. fabric thickness expressed in terms of g/m
2
) are taken 
into consideration.  
 
Based on the weaving capabilities of the Bruck looms available at the time, the following 
weaves were selected for the Experimental sample manufacture, to be woven into single-layer 
fabric constructions: 
1. 1/1 Plain weave 
2. 2/1 Twill Weave 
 
3.4.1 Plain weave 
In protective clothing applications (e.g. ballistic vests, firefighting Turnout, Station Wear), 
fabric cover factor sits at the higher end of the spectrum to increase strength, prevent yarn 
slippage and allow for liquid and gas (air) permeability. Tightly-woven fabrics made from 
absorptive and hydrophilic yarns are more efficient in transmitting water-vapour compared to 
hydrophobic yarns of similar construction (Mukhopadhyay & Midha 2008). In addition, 
higher cover factors increase resistance to flame by limiting the amount of oxygen present 
within the weave structure.  
 
Depending on fibre choice, plain fabrics may have reduced elasticity and stiffer fabric handle, 
however they offer greater surface smoothness which is important to sensorial comfort and 
skin-to-fabric contact.  
 
Keeping within the basic style of weaving for protective work wear clothing, Experimental 
Station Wear fabrics were to be woven in two alternating weave structures (i.e. plain, and 2/1 
twill weaves) for each fabric blend created, using a common warp yarn and three alternate 
weft yarns to produce eight Experimental fabrics in total.  
 
Due to the common warp yarn, fabric blending was achieved using weft yarns of different 
fibres in intimate blends and in union blends. To prevent the weaker weft yarns from always 
going over (or under) the same stronger common aramid warp yarn, Experimental B3W1 
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fabric's plain weave structure was altered (Figure 3.1) to ensure the correct order of pick 
insertions, and to maintain fabric strength. 
 
    
    
    
      
Figure 3.1 Modified plain weave repeat unit cell for Experimental fabric B3W1. 
 
where 
grey = common aramid warp yarn 
orange = Superfine (18 μm) merino weft yarn 
blue = 53/47 FR Viscose/Nomex® intimate blend weft yarn 
 
3.4.2 Twill weave 
In contrast to a plain weave, 2/1 twills have fewer intersections and longer floats per unit area, 
resulting in different physical and mechanical fabric properties. Yoo and Barker (2005b) 
suggest that using softer yarns in aramid work wear fabric designs constructed in a twill, 
enhance sensorial comfort by improving the tactile interaction of the fabric with the wearer's 
skin. 
 
Whilst fabric handle and drape may improve in a twill weave, properties including flame 
resistance and abrasion resistance may be degraded. In theory, the open structure of a twill 
fabric may lend itself to a greater propensity to burn. In contrast, it has been suggested that 
woven structures containing reduced thread densities permit yarn movement, resulting in 
greater tear resistance as yarns tear in groups rather than individually (Adanur 2000).  
 
Due to the common warp yarn, the 2/1 twill weave structure of Experimental fabric B3W2 
was altered (Figure 3.2) to accommodate two different yarns in the picking order, because 
intimate weft yarn blends of Superfine merino/FR Viscose/Nomex® were unobtainable. 
Unlike Experimental fabric B3W1, B3W2 alternated only one pick of the weaker Superfine 
merino weft yarn with one pick of the FR Viscose/Nomex® weft yarn, to maintain fabric 
strength and minimise weak spots. 
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Figure 3.2 Modified 2/1 twill weave repeat unit cell for Experimental fabric B3W2. 
 
where 
grey = common aramid warp yarn 
orange = Superfine (18 μm) merino weft yarn 
blue = 53/47 FR Viscose/Nomex® intimate blend weft yarn 
 
Since the common aramid warp yarn will be more exposed on the surface of a 2/1 twill fabric, 
the level of UV exposure and resultant degradation of fabric properties (e.g. strength loss) that 
may occur from firefighting operations, especially for Wildland firefighters, may be higher 
when compared to plain-woven fabric structures. Chapter 5 will further evaluate the effects of 
fabric blend, weave structure and weave sett (ends/cm and picks/cm) on the Experimental 
fabrics performance properties.  
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Chapter 4: Research Design 
 
4.1 Methodology  
An inherent trade-off between personal protection and thermoregulatory stress exists for 
firefighters wearing multilayered protective clothing whilst working in hot, humid climates. 
Since the threat of injury during emergency response is not limited to situations where 
firefighting Turnout is being worn, firefighters must be assured that the additional protection 
provided by their Station Wear will prevent further grievous bodily harm. 
 
A series of light-weight, heat and fire-resistant Station Wear fabrics, varying in fibre blend, 
yarn composition, and weave structure were designed, manufactured and tested to perform to, 
or exceed relevant Australian Standards. The Experimental Station Wear fabrics were 
developed with the objective of improving the protective performance, as well as 
functionality. Emphasis was also placed on the in-use durability of protective clothing 
materials containing UV-sensitive fibres, and the way in which these fibres behave over their 
service lifetime. The Experimentally-developed fabrics and the Commercially-available 
Master Control A (MCA) fabric will be evaluated to determine their performance properties. 
 
In developing new Station Wear fabrics that cater for the operational needs of firefighters in 
the Australian climate, the methodology followed a basic research and product development 
cycle. Qualitative methods (e.g. feedback from textile manufacturers, firefighters and 
Australian Fire Services) were used in the initial phases of the study, followed by laboratory 
experiments and testing phases. To achieve the objective of this study, the following 
methodology (Figure 4.1) was implemented to address the research questions.  
 
 
 
 
 
 
 
Commercial fabric selection 
 
Experimental Fabric Production: weaving and finishing 
Establish method for Test result analysis and interpretation 
Preliminary fabric testing 
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Figure 4.1 Methodology 
 
Since the type of product must be appropriate to the activity, functional performance 
requirements for Station Wear materials should be evaluated in terms of the level of 
protection required, the firefighter's physiological response to internal and external heat, and 
the impact of environmental factors on thermo-physiological comfort. Durability should be 
addressed in terms of the thermal aging of protective clothing materials.  
  
A review of the currently operating legislations and Standards governing firefighting Personal 
Protective Clothing (PPC) throughout Australia, was carried out to identify gaps in the 
minimum safety and performance requirements for secondary protective Station Wear 
materials. In the absence of an Australian firefighting PPC Standard specifically applicable to 
Station Wear, the most appropriate test methods from existing Structural (AS/NZS 
4967:2009) and Wildland (AS/NZS 4824:2006) PPC Standards, and work wear Standards 
(AS 2919-1987) were selected to evaluate the Commercial and the Experimental fabrics' 
protective, mechanical and comfort performance properties. 
 
The Commercial fabric was selected based on market availability and end-use suitability, in 
terms of fabric weight and blend ratio for middle-layer firefighting Station Wear applications.  
 
Existing looms on-campus were unsuitable to produce the proposed light-weight protective 
fabrics, therefore the Experimental fabrics were woven by Bruck Textiles Pty Ltd. To avoid 
the cost of a dedicated warp and gear changes, an existing loom setup consisting of a common 
warp yarn was used to weave small lengths (4-5 m) of the Experimental fabrics. This allowed 
the Experimental fabrics to be woven quickly, without being especially planned into Bruck's 
production timeline. 
 
Stage One Testing: Commercial and Experimental samples 
Initial UV experiment: Commercial sample 
Stage Two Testing: best-candidate fabrics (CHR, MMT and UV experiment) 
Analysing Commercial and Experimental sample fabrics 
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The Experimental Station Wear fabrics were produced as single-layers, following the weaving 
specification that had been developed to produce samples with specific blend ratios, in similar 
target weights and cover factors. Two weave designs (i.e. plain and 2/1 twill) were selected to 
evaluate whether a particular fibre blend performed better or worse in another weave 
structure. The Experimental fabrics were deliberately undyed, but fully finished by scouring 
and drying to remove dirt, oil or other contaminants such as size. 
 
Preliminary testing was carried out to verify the physical and structural properties (e.g. mass 
per unit area and cover factor) of woven, single-layer Experimental Station Wear fabrics 
according to their weave design specifications. An additional experiment which involved 
dyeing samples of the Experimental fabrics, and testing them against undyed samples for 
dimensional stability to washing, was performed to ensure that shrink percentages remained 
within Standard guidelines. 
 
Stage One Testing involved comprehensive fabric testing on the Commercial MCA and 
Experimentally-developed sample fabrics, to establish their quality and protective 
performance (i.e. Limited Flame Spread), mechanical performance (i.e. Tear Resistance and 
Tensile Strength), and comfort performance (i.e. Sweating Guarded-Hotplate Test) properties, 
according to functionality criteria and relevant Standards.  
 
Due to the limited lengths of the Experimental fabrics, a sample of the Commercial MCA 
fabric was initially exposed to UV radiation using an artificial light (MBTF) source, and 
tested for strength loss. Previous RMIT experience gained from UV exposures of different 
aramid-based materials had indicated that significant strength loss could be expected. Thus, 
further investigation of UV effects may be warranted but only on the best-candidate fabrics in 
Stage Two Testing to evaluate if fabrics would also experience a compromise in flame 
performance. 
 
Samples of the un-irradiated, best-candidate fabrics were also evaluated in Stage Two Testing 
for thermal shrinkage resistance (Convective Heat Resistance (CHR)), and liquid moisture 
transfer properties (Moisture Management Tester (MMT)). As an accepted Turnout fabric, but 
not meant for Station Wear applications, Melba Fortress® was used as a comparative fabric 
but for the MMT tests only. This was done to evaluate the two extremes of protection on a 
fabric's liquid moisture transfer properties.   
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The results from Stage One and Stage Two Testing were analysed to establish which fabrics 
would be most suitable for use in Station Wear protective clothing, and whether the 
performance properties of the Commercial MCA fabric outperformed the Experimental 
Station Wear fabric samples.  
 
4.2 Methods 
4.2.1 Sample manufacturing methods: weaving and finishing  
Bruck Textiles Pty Ltd (Wangaratta Fabric Mill) facilitated the weaving of Experimental 
Station Wear samples according to the fabric specifications provided. Fabric specifications 
were limited to using a common warp. The common warp yarn was chosen based on the warp 
yarn characteristics (e.g. fibre content, blend ratio, yarn count and structure), stock and loom 
availability, and fabric production lead-times. Shorter woven fabric lengths were accepted to 
keep overall fabric production costs down.  
 
Taking into consideration the loom parameters, the warp and weft yarn counts (tex), and the 
fabric crimp percentage (based on yarn count, weave structure, and degree of yarn 
interlacement), a weave sett was calculated to achieve a finished fabric weight ranging 
between 140-160 g/m
2
. Thus, the width reduction between the reed width and the relaxed 
width of the loom helped determine loomstate (or greige) fabric area density. Since samples 
were woven using an existing commercial loom, warp density was calculated based on the 
total number of warp ends divided by the relaxed fabric width. Each woven fabric underwent 
the following weaving and finishing processes: 
 
Table 4.1 Sample weaving, finishing methods and equipment used. 
No. Process Equipment 
1 Fabric Production Somet Rapier electronic dobby shedding 
158 cm reed width, 18 shafts, straight draft, 
3968 warp ends. Common aramid warp yarn. 
2 Fabric Finishing The process path in converting is as follows: 
 
Scour in TV Escale: 
Box 1, 2 g/L Lavotan SE @ 80°C 
Box 2, rinse @ 80°C 
 
Dry in Stenter: 
4 bays, Temp. @ 120°C, 130°C, 140°C × 2 
Speed = 15 m/min. 
 
Final Inspection as normal. 
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Once received, samples of all Experimental fabrics were dyed and retested for dimensional 
stability, despite already having undergone the Bruck finishing procedures identical to those 
performed on the Commercial MCA fabric (Table 4.2). This was done to ensure that samples 
containing non-shrink proof merino yarns as part of their fabric blend, would not encounter 
potential shrinkage issues outside of Standard guidelines during pre-washing or conditioning 
procedures for testing. Since undyed and dyed samples returned dimensional stability results 
within normal limits (see Chapter 5.1), subsequent fabric testing was carried out on undyed 
fabrics. 
 
Table 4.2 Dimensional stability of dyed Control fabrics: methods and equipment used.  
No. Process Equipment 
1 Dyeing Experimental B2 & C1 fabric blends (containing aramid/merino) 
were dyed according to the following recipe: 
 
Liquor Ratio 10:1 
5% Ammonium Sulfate 
0.5% Albegal S.E.T. 10% Solution (Chemiplas Australia Pty Ltd) 
1% Acid dye BASF Acidol Navy M-RBL (Dystar) 
0.5 grams/L Albegal F.F.A (Chemiplas Australia Pty Ltd) 
 
Experimental B1 & B3 fabric blends (containing aramid/merino/FR 
Viscose) were dyed according to the following recipe: 
 
Liquor Ratio 10:1 
0.5% C1 Disperse Red 60 
2% Disperse Blue 56 
3% Direct Blue 220 
0.75 grams/L Dyapol ABA (Yorkchem Pty Ltd) 
1 gram/L of Carrier (Yorkchem Pty Ltd) 
1 gram/L of Jet Lube 2000 (Yorkchem Pty Ltd) 
15% Sodium Sulphate 
1% Copper Sulphate 
1% of acetic acid 
 
Dyeing was accomplished in the Werner Mathis laboratory Jet 
Dyeing machine. 
2 Dimensional 
stability  
All dyed and undyed Experimental fabrics containing merino yarns 
only: 
 
Fischer & Paykel, Model MW512, Load Capacity 5.5 kg 
Samples were flat dried. 
 
2 grams/L of Standard Detergent without Optical brightener 
(WOB) combined with suitable make-weights to achieve sufficient 
suds height. 
 
 
4.2.2 Commercial and Experimental sample fabrics 
Materials of the following specifications were used in the present study. The Commercial and 
the Experimental sample fabric codes and their meaning are given in Table 4.3. 
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Table 4.3 Details of Commercial and Experimental sample fabrics. 
No. Sample fabric  
code 
Meaning Fabric 
construction 
Fibre content 
1 Commercial 
MCA 
M = Master 
CA = Control A 
plain weave Nomex®, Lenzing FR® 
 Experimental    
2 B1W1 B1 = blend 1 
W1= weave 1 
plain weave Nomex®, para-aramid, 
anti-static fibre, FR 
Viscose 
3 B1W2 B1= blend 1 
W2 = weave 2 
2/1 twill weave Nomex®, para-aramid, 
anti-static fibre, FR 
Viscose 
4 B2W1 B2 = blend 2 
W1 = weave 1 
plain weave Nomex®, para-aramid, 
anti-static fibre, Superfine 
merino 
5 B2W2 B2 = blend 2 
W2 = weave 2 
2/1 twill weave Nomex®, para-aramid, 
anti-static fibre, Superfine 
merino 
6 B3W1 B3 = blend 3 
W1= weave 1 
plain weave Nomex®, para-aramid, 
anti-static fibre, FR 
Viscose, Superfine merino 
7 B3W2 B3 = blend 3 
W2 = weave 2 
2/1 twill weave Nomex®, para-aramid, 
anti-static fibre, FR 
Viscose, Superfine merino 
8 C1W1 C1 = Comparative 
Merino blend 1 
W1 = weave 1 
plain weave Nomex®, para-aramid, 
anti-static fibre, Merino 
9 C1W2 C1 = Comparative 
Merino blend 1 
W2 = weave 2 
2/1 twill weave Nomex®, para-aramid, 
anti-static fibre, Merino 
 
 
4.3 Firefighting PPC Standards, test methods and fabric performance requirements 
4.3.1 Limitations of current Firefighting PPC Standards 
Due to  Occupational Health and Safety legislation changes in 1987, the National Fire 
Protection Association (NFPA) in the USA developed their own firefighting PPC Standards 
that accommodated advances in new protective clothing materials and manufacturing 
technologies (McLellan & Selkirk 2006). Since 1989, technical committees (TC) that are 
structured into sub committees (SC) or working groups (WG) have been instrumental in the 
standardisation of firefighting PPE/PPC worldwide (Haase 2005). 
 
In 2001, the International Organization for Standardization established subcommittee 
ISO/TC94/SC14 to standardise the quality and performance of protective clothing and 
personal equipment, intended to protect firefighters against the dangers that they encounter 
(Makinen 2005).  
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The NFPA 1975:2009 Standard on Station/Work Uniforms for Fire and Emergency Services 
is the only Standard specific to Station Wear that is accessible at this time. It establishes the 
minimum design, performance, testing and certification requirements for non-primary 
protective textiles and other materials used in the construction of these uniforms. Although 
aspects of the Standard are relevant to testing fabric performance (i.e. optional requirements 
outlined for FR fabric heat and thermal shrinkage resistance), NPFA 1975:2009 is mainly 
concerned with garment performance testing. As a result, many within the industry believe 
that it is not suitable at this time (R Shephard [Australasian Fire and Emergency Service 
Authorities Council] 2014, pers. comm. 26 August).  
  
In Australia, two joint Australian/New Zealand Standards (AS/NZS) currently exist for 
Firefighting PPC: 
1. AS/NZS 4824:2006 Protective clothing for firefighters - Requirements and test 
methods for protective clothing used for wildland firefighting (ISO 15384:2003, 
MOD), and 
2. AS/NZS 4967:2009 Protective clothing for firefighters - Requirements and test 
methods for protective clothing used for structural firefighting (incorporating 
Amendment No.1). 
 
In comparison with Structural firefighting PPC Standards AS/NZS 4967:2009 and 
British/European Standard (BS EN) 469:2005, which contain many similarities, NFPA 
1971:2013 is a much higher performance Standard. European Standards (EN) differ to NFPA 
Standards in that they define protection performance separately for radiant and convective 
heat, as opposed to using thermal protective performance (TTP) testing to determine the 
thermal insulation properties of the material combination (Makinen 2005). This is 
predominately due to different building constructions requiring a more aggressive style of 
firefighting in North America, creating the need for greater thermal insulation properties in 
PPC (Theil 1998). However, if these garments were used in Australia, they would cause 
major problems with heat stress. Wildland firefighting Standard AS/NZS 4824:2006 and 
NFPA 1997:2011 also differ in terms of performance requirements and allowable materials, 
with NFPA 1997:2011 specifying that aramid materials must be used. 
 
Australian fire authorities recognise the apparent limitations of current firefighting PPC 
Standards used to evaluate the quality and performance of Station Wear materials. The 
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absence of a performance-based Standard specific to Australian firefighting Station Wear, has 
inadvertently created discrepancies in what may be deemed acceptable fabric or garment 
performance criteria, depending of course on the individual fire brigades' requirements. The 
concept behind dual-purpose Station Wear uniforms designed and certified as primary 
protective garments was originally introduced for situations including, but not limited to, 
Wildland firefighting and emergency medical response (NFPA 1975:2009). In Australia, 
Station Wear that also forms a single protective layer requires certification with 
corresponding Structural (AS/NZS 4967:2009) or Wildland (AS/NZS 4824:2006) PPC 
Standards.  
 
Horrocks (2001), Haase (2005) and Hu (2008) concede that standardising of textile fire 
testing is further complicated by the differing requirements of the standardising bodies. In 
addition, performance guidelines suggesting test methods to assess the protection criteria of 
protective clothing over its service life, are not included in national risk assessment models 
and Standards (e.g. ISO/TR 21808:2009) used by Australian Fire and Rescue Services in the 
selection, use, care and maintenance of PPC. Thus, the creation of industry-specific Standards 
on national and international levels would dramatically improve firefighter health and safety 
(Hu 2008; Stull & Stull 2008).  
 
Presently, the national database on PPE for Australian Fire and Rescue Services is made up of 
various Standards specifying test methods and performance requirements for Structural and 
Wildland PPE, and Hazmat (see Appendix A). 
 
4.3.2 Method of test result interpretation using available Australian Firefighting PPC 
and work wear Standards 
Defined by potential hazards, protective textiles are selected according to existing Standards 
or guidelines. If no suitable Standard or guideline exists, the most appropriate test methods 
must be identified and used according to risk assessments (Shaw 2005).  
 
At this time, no Standard exists for Australian firefighting Station Wear. As a result, most 
Australian Station Wear fabrics are tested according to outer-shell material requirements for 
Station Wear trousers, using AS/NZS 4824:2006. Where applicable, Station Wear shirts 
follow Australian Standard 2919-1987 for Industrial Clothing, or none at all. While AS 2919-
1987 does not apply to garments designed for protection against specific hazards (e.g. fire and 
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chemicals), it does provide relevant mechanical fabric performance requirements that are 
categorized by garment type, drawing similarities in the design and construction of various 
Station Wear uniform items. 
 
In an effort to establish a guideline for the minimum protective performance requirements of 
Australian firefighting Station Wear fabrics, the most appropriate test methods were selected 
from the following Australian Standards: AS/NZS 4824:2006 (Wildland firefighting) and AS 
2919-1987 (Industrial clothing). AS/NZS 4967:2009 (Structural firefighting) is referred to 
during the comparative analysis of fabric test results only. Since most of the test requirements 
are based on material testing for primary protective fabrics (i.e. Turnout), minimum test 
values are naturally higher than what would be expected from secondary protective work wear 
materials (i.e. Station Wear). In general, minimum test requirements differ in Australian 
firefighting PPC Standards depending on whether fabric performance is based on Structural or 
Wildland firefighting.   
 
Any test method requiring seamed test specimens that mimic garment construction were 
considered, but later omitted due to their evaluation of garment performance rather than fabric 
performance properties (e.g. ISO 15025:2000 (Procedure B) Limited Flame Spread and ISO 
4674-1 (Method B) Tear Resistance). Where possible, Standards specifying fabric 
performance requirements for Station Wear materials were adhered to (i.e. Convective Heat 
Resistance (CHR) testing in AS/NZS 4824:2006). Although not part of any existing 
firefighting PPC Standard, the addition of the Moisture Management Tester (MMT) will be 
used to address the fabric's comfort performance beyond  simple aspects of garment fit and 
design, and into the physiological parameters of the material itself. 
 
Testing was carried out in two stages. Stage One Testing (see Table 4.4) evaluated the key 
thermal, mechanical, and comfort performance properties of all Experimental samples and the 
one Commercial MCA fabric. An initial UV experiment was performed on an irradiated 
sample of the MCA fabric, retested for tensile strength loss to determine grounds for further 
investigation. Based on meeting Limited Flame Spread criteria, the best-candidate fabrics 
were selected for Stage Two Testing (see Table 4.5) to evaluate the CHR and liquid moisture 
transfer properties (MMT) of fabrics, as well as the aging-protective performance in terms of 
irradiated fabric strength and flammability properties. The following tests were performed 
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against the following Standards to evaluate the performance properties of Station Wear 
fabrics: 
 
Table 4.4 Stage One Testing summary: Test methods, Standards and fabric performance 
requirements. 
No. Test method Standard Specification 
 Thermal requirements   
1 ISO 15025:2000 (E) 
Protective clothing -
Protection against heat and 
flame: Method of test for 
limited flame spread 
(Procedure A: Surface 
Ignition only) 
AS/NZS 
4824:2006 
According to AS/NZS 4824:2006, Section 
6.1.2 (Thermal Requirements): 
(a) no specimen shall give flaming to the 
top or either side edge; 
(b) no specimen shall give hole formation; 
(c) no specimen shall give molten or 
flaming debris; 
(d) the mean value of the after flame time 
shall be ≤2 s; 
(e) the mean value of the afterglow time 
shall be ≤2 s. 
 Mechanical requirements   
2 AS 2001.2.10 Part 2: 
Physical Tests - 
Determination of the Tear 
Resistance of Woven Textile 
Fabrics by the Wing-rip 
Method 
AS 2919-
1987 
 
When tested in accordance with AS 
2001.2.10-1986 (Table 2.1): Materials 
shall give a tear strength of 20 N in both 
machine and cross machine direction (i.e. 
materials used in work trousers, work 
shorts, bib and brace coveralls, coveralls, 
sleeveless coveralls and industrial jackets). 
3 AS 2001.2.3.1 - 2001 (EN 
ISO 13934-1:1999) Methods 
of tests for textiles, Method 
2.3.1: Physical tests -
Determination of maximum 
force and elongation at 
maximum force using the 
strip method 
AS/NZS 
4824:2006 
 
 
 
 
 
 
When tested in accordance with AS 
2001.2.3.1–2001 (equivalent to ISO 
1393.4-1), the outer material shall give a 
breaking load in both machine and cross 
direction: ≥450 N 
 
 
 Ergonomic & Comfort 
requirements 
  
4 ISO 11092:1993, 
Measurement of Thermal and 
Water-vapour resistance 
under steady-state conditions 
(Sweating Guarded-Hotplate 
test).  
AS/NZS 
4824:2006 
 
 
 
When tested in accordance with ISO 
11092, the material or material 
combination shall give a thermal resistance 
of <0.055 m2 K W-1 
 
When tested in accordance with ISO 
11092, the material or material 
combination shall give a water-vapour 
resistance of <10  m2 Pa W-1 
 UV experiment   
5 AS 2001.4.21-2006 
Colourfastness tests -
Determination of 
colourfastness to light using 
an artificial light source 
(mercury vapour, tungsten 
filament, internally phosphor- 
coated lamp) 
n/a No colourfastness rating required. 
Exposure only, to artificial light (MBTF 
lamp) for 336 h or 14 days. 
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Table 4.5 Stage Two Testing summary: Additional testing performed on best-candidate 
fabrics. 
No. Test method Standard Specification/Modification 
 Thermal requirements   
1 ISO 17493 Clothing and 
equipment for protection 
against heat - Test method for 
convective heat resistance 
using a hot air circulating oven 
AS/NZS 
4824:2006 
Compliance to AS/NZS 4824:2006, 
ZZ5 Clause 6.3: Materials shall not 
melt, drip or ignite, shall remain 
functional and shall not shrink more 
than 5%  
 
 Ergonomic & comfort 
requirements 
  
2 AATCC Test Method 195-
2009, Moisture Management 
Tester (MMT) 
n/a Test report written and results 
interpreted according to AATCC Test 
Method 195-2009, Sections 9, 10.1, 
10.2 & 10.3. See Chapter 4.4.8. 
 UV experiment   
3 AS 2001.4.21-2006 
Colourfastness tests -
Determination of colourfastness 
to light using an artificial light 
source (mercury vapour, 
tungsten filament, internally 
phosphor-coated lamp) 
n/a No colourfastness rating required. 
Exposure only, to artificial light 
(MBTF lamp) for 336h or 14 days. 
 
 Irradiated Limited Flame 
Spread 
  
4 ISO 15025:2000 (E)  Protective 
clothing - Protection against 
heat and flame: Method of test 
for limited flame spread 
(Procedure A: Surface Ignition 
only) 
n/a* The number of test specimens reduced 
to account for limited irradiated sample 
lengths.  
 
*For the purpose of this experiment, 
irradiated Limited Flame Spread will 
be evaluated according to the thermal 
requirements outlined in AS/NZS 
4824:2006 
 Irradiated Tear Resistance   
5 AS 2001.2.10 Part 2: Physical 
Tests - Determination of the 
Tear Resistance of Woven 
Textile Fabrics by the Wing-rip 
Method 
n/a* The number of test specimens reduced 
to account for limited irradiated sample 
lengths 
 
*For the purpose of this experiment, 
irradiated Tear Resistance will be 
evaluated according to mechanical 
requirements outlined in AS 2919-
1987 
 
 
4.4 Test methods  
This study focused only on the performance of the Commercial and the Experimental Station 
Wear fabrics, not in garment form, nor in any other aspect of their design or construction. 
Fabric weight (mass per unit area) and cover factor were the physical fabric properties that 
were tested, whereas Limited Flame Spread, Convective Heat Resistance, Tensile Strength, 
Tear Resistance, Thermal Resistance (Rct), Water-vapour Resistance (Ret), and liquid moisture 
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transport were the fabric performance properties that were tested. Wear resistance of 
protective fabrics in terms of the effects of UV degradation on protective performance and 
durability, were also considered during testing.  
 
All the fabrics were tested according to Australian, ISO and AATCC (i.e. American 
Association of Textile Chemists and Colourists) Standards. Unless otherwise specified, fabric 
samples were conditioned and prepared in accordance with Standard (AS 2001.1-1995, Part 
1) testing conditions in an air-conditioned controlled laboratory, for a minimum or 24 hours 
prior to testing. During conditioning, sample fabrics were brought to equilibrium with an 
atmosphere having a specified temperature of 20 ± 2°C and relative humidity (RH) of 65 ± 
2%. This ensured that the physical properties of fabric fibres (e.g. mechanical and 
dimensional) were not influenced by atmospheric moisture content (Saville 1999).  
 
4.4.1 Mass per unit area  
The weight of woven textiles may be determined by the mass per unit area. Due to limited 
Experimental fabric lengths, the mass per unit area was calculated as the mean of three test 
specimens (100 mm × 100 mm) following AS 2001.2.13-1987. Results are reported in grams 
per square metre (g/m
2
).  
 
4.4.2 Cover factor  
Cover factor, the fraction of area covered by the warp and the weft yarns in a given fabric, is 
indicative of the compactness of the weave structure. For any given thread spacing, a plain 
weave has the largest number of intersections per unit area, denoting higher density of the 
fabric and less air space between threads (Sondhelm 2000). For any fabric, there are two 
cover factors: the warp cover factor and the weft cover factor. The cloth cover factor is 
obtained by adding the warp cover factor (C1) to the weft cover factor (C2), with 
compensation for the intersections. The cover factor for the yarns in one direction are 
calculated according to the following formula: 
 
C1 or C2 = 4.44 (tex/fibre density) × threads/cm × 10
-3  
(4.1) 
 
Having a scale of 0 to 1, Grosberg's cover factor may also be expressed as percentage cover 
by the warp and the weft yarns, with a scale of 0 to 100%.  
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4.4.3 Limited Flame Spread 
International Standard ISO 15025:2000 specifies the test method for Limited Flame Spread 
properties of vertically orientated fabric specimens, in response to short contact with a small 
igniting flame under controlled conditions. The Shirley Flammability Tester was used to 
measure the burning behaviour of fabrics, determining how readily the material would ignite, 
and how long it would continue to burn after the ignition source was removed.  
 
In general, the individual flammability test methods for protective clothing are based on 
assessing the resistance of fabrics when tested in a specific geometry (e.g. horizontal, 45° or 
vertical) (Nazare & Horrocks 2008). The influence of seams on the behaviour of fabrics can 
also be determined by this method. However, for Edge Ignition (ISO 15025 Procedure B) to 
be properly tested according to AS/NZS 4824:2006, hemming of the test specimen must 
replicate the exact construction of the protective garment. Thus, due to its evaluation of 
garment performance rather than fabric performance, this test method procedure was not used 
but replaced by the more appropriate Surface Ignition (ISO 15025 Procedure A), that is only 
performed on fabrics. 
 
The test specimens were each 200 ± 2 mm long × 160 ± 2 mm wide; three of them were cut 
parallel to the warp and three cut parallel to the weft so that no two warp specimens contained 
the same warp threads, and no two weft specimens contained the same weft threads. All 
specimens were tested within 2 minutes of removing them from the Standard Atmosphere.  
 
The Standard gas flame (i.e. 40 mm vertical flame height, 25 mm horizontal flame height in 
standby position, and 17 mm nominal flame application point for Surface Ignition) was 
applied horizontally to the surface of the vertically-mounted test specimen for 10 seconds, 
before being removed and observed for burning behaviour. Results were recorded and 
interpreted according to the thermal requirements outlined in AS/NZS 4824:2006. This test 
method evaluates the fabric's flame performance as a whole and involves providing only a 
Pass/Fail performance rating criteria. Therefore, a Fail in any one fabric direction (warp/weft) 
in any of the Standard thermal requirements outlined, constitutes failure of the entire fabric. 
With the exception of AS/NZS 4824:2006 thermal requirement (a) in Table 4.4, the principal 
performance specifications are identical to those stated in AS/NZS 4967:2009.  
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4.4.4 Convective Heat Resistance  
International Standard ISO 17493:2000 specifies the test method for the heat and thermal 
shrinkage resistance performance of protective fabrics, using a hot air-circulating oven to 
assess what happens to a material after exposure to high temperature. Any ignition, hole 
formation, melting, dripping or separation of the specimen that may occur is observed during 
testing. Interpreted according to AS/NZS 4824:2006, thermally stable Station Wear materials 
shall not shrink more than 5%, with any evidence of the above behaviours in any one 
direction constituting a failing performance of the entire sample.  
 
Only the best-candidate samples from initial Limited Flame Spread testing (ISO 15025:2000 
(A)) were selected to satisfy the thermal performance requirements of Station Wear fabrics, 
according to this test method. The need to outsource this test factored into this decision, along 
with time, cost, and testing limitations (e.g. pre-treatment availability). In addition, required 
test specimen dimensions were modified to accommodate remaining fabric lengths. Three 
warp and three weft specimens were cut per fabric, measuring 300 mm × 300 mm, the results 
reported on the average of each direction.  
 
Unlike AS/NZS 4967:2009 which only specifies heat resistance test requirements for outer-
shell materials, AS/NZS 4824:2006 (ZZ5 Clause 6.3) specifies test requirements for material 
specimens intended for use in Station Wear. Thus, specimens are suspended in a forced air-
circulating oven at 180 ± 5°C and are tested before and after pre-washing procedures. Test 
specimens requiring pre-washing procedures (i.e. ISO 6330: Program 2A, Drying procedure 
E×5 cycles), were then preconditioned in accordance with ISO 139 at 65 ± 5 % relative 
humidity prior to testing. Laundered specimens were tested within 5 minutes following their 
removal from the Standard Atmosphere. 
 
Following the 5-minute exposure in the hot air-circulating oven, test specimens were removed 
and visually examined for thermal behaviours which may demonstrate failure of the test. As a 
result of the heat exposure, the proportion shrinkage of the material may also be calculated 
from the measurements average. 
 
4.4.5 Tensile Strength (Cut strip method)  
The Cut Strip test method grips the entire width of the test specimen between the upper and 
lower jaws with a gauge length of 200 ± 2 mm. Test specimens are prepared by removing 
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excess threads from either side until reaching the correct width of 50 ± 0.5 mm continuous 
threads is reached (Adanur 2000; Wang, Liu & Hurren 2008).  
 
The determination of breaking load and elongation in the fabric's warp and weft directions 
were performed using the Instron Tensile Strength Tester Model 5565A. Fabric Tensile 
Strength results were calculated and expressed according to AS 2001.2.3.1-2001. Despite 
varied performance and uniform requirements, both Australian firefighting PPC Standards 
(i.e. AS/NZS 4824:2006 and AS/NZS 4967:2009) specify minimum strength requirements 
based on outer-shell materials only. Thus, results for the Station Wear fabrics might likely fail 
to meet the minimum set mechanical testing requirements for outer wear materials, since 
strength requirements tend to be higher than what would normally be required from Station 
Wear. The lesser of the two values was selected, with results interpreted according to AS/NZS 
4824:2006 based on this premise (i.e. warp/weft breaking load ≥ 450 N).  
 
All fabrics were tested in both warp and weft directions using the Instron load frame and 
BlueHill data acquisition software. Test specimens were cut to size, ensuring that no test 
specimen taken from the warp direction contained the same longitudinal threads, and that no 
test specimen taken from the weft direction contained the same picks. Two sets of replicates 
per fabric were cut, each set consisting of a maximum of seven warp, and seven weft test 
specimens per fabric to account for any possible jaw breaks, slippages or abnormal tear 
behaviours.  
 
The gauge length was set to 200 mm ± 1 mm, with a rate of extension of 100 mm/min for 
fabrics with an elongation at maximum force of up to 75%. After testing the initial fabric 
specimen, the gauge length and rate of extension was evaluated and altered according to test 
method specifications, seen below in Table 4.6: 
 
Table 4.6 Rate of extension or elongation (AS 2001.2.3.1-2001, p. 7, Table 1). 
Gauge length 
 
mm 
Elongation at max. 
force of fabric 
% 
Rate of elongation 
 
%/min 
Rate of extension 
 
mm/min 
200 < 8 10 20 
200 > 8 to < 75 50 100 
100 > 75 100 100 
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Since all fabric samples had a mass per unit area less than 200 g/m
2
, 2 N of pretension was 
applied. Once correctly loaded within the jaws of the test apparatus (Figure 4.2), the load cell 
was zeroed to ensure that the software only measured the tensile load applied to the test 
specimen itself.  
 
 
Figure 4.2 The apparatus for a fabric tensile test: (a) constant rate of extension; (b) load cell; 
(c) clamps; (d) fixed jaw; (e) specimen; (f) gauge length (Saville 1999, p. 146,  Figure 5.22). 
 
During testing, any breaks that occurred within 5 mm of either jaw were rejected, as well as 
loads that were substantially less than the average. Where a jaw break occurred, the maximum 
number of seven test specimens were utilised, and the results calculated from the mean of five 
normal breaks.  
 
4.4.6 Tear Resistance (Wing-Rip method) 
Australian Standard AS 2001.2.10-1986 specifies the test method to evaluate the tearing 
resistance of all samples using the Wing-Rip method. Based on the intended end use and high 
aramid blend of Experimental Station Wear fabrics, tearing resistance was performed using 
the Instron Tensile Strength Tester Model 5565A and Bluehill data acquisition software. This 
test method specifies the use of a constant rate of elongation at 100 ± 10 mm/min, with the 
jaw gauge length at the commencement of the test set to 150 ± 5 mm (AS 2001.2.10-1986). 
 
The average tear resistance value (N) obtained using the Wing-Rip method is achieved when 
the force required to propagate the tear is measured, and the mean of the five-highest-peak 
forces are identified (Adanur 2000; Saville 1999). As tearing progresses, each peak 
a 
b 
c 
d
  a 
e 
f 
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corresponds to the failure of each successive transverse yarn. Using force-extension diagrams, 
this test method is far more effective in graphically representing the fabrics actual tearing 
behaviour. The 'winged' design of test specimens helps to prevent the withdrawal of threads 
during testing, when compared to ordinary rip or tongue tear methods. 
 
Each fabric consisted of two series of not less than five test specimens, measuring 130 mm 
wide × 200 mm long, one set cut in the warp direction and the other in the weft direction to 
ensure that no two specimens involved tearing the same yarns. In preparation, each test 
specimen is cut part-way along its length to form two 'wings', so that specimens tore in line 
with the centre of the jaws measuring the force required to extend the cut. Hence, tearing 
resistance is specified as either across warp, or as across weft according to which set of yarns 
are broken. Once each wing of the test specimen is secured and centrally aligned along the 
inner edge of both upper and lower jaw grips (see Figure 4.3), the load (N) is balanced or 
zeroed before testing proceeds. 
 
 
Figure 4.3 Wing-Rip test specimen in Instron jaws (Saville 1999, p. 151, Figure 5.26). 
 
If a specimen finished tearing before five identifiable peaks could be obtained, only the 
relevant peaks were used in calculating the average (mean) tear resistance of the sample. 
Also, it should be noted that full sets of replicates could not be obtained for subsequent tear 
testing following experimental UV degradation, due to limited irradiated sample lengths. 
Thus, the mean tearing force of irradiated samples was calculated as the mean of two 
specimens per fabric direction, rather than the mean of five specimens per fabric direction.  
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Tear resistance was interpreted according to the Australian Industrial Clothing Standard AS 
2919-1987, based on the suitability of the materials requirements. Although the minimum 
fabric tear resistance value required may still be quite high, it is representative of primary 
Personal Protective Clothing (PPC) layers. Thus, as non-primary protective clothing, the 
mechanical performance of Station Wear materials may differ from that required for primary 
outer-shell (Turnout) materials as specified in AS/NZS 4824:2006 and AS/NZS 4967:2009, or 
in AS 2919-1987 for industrial clothing materials.  
 
4.4.7 Sweating Guarded-Hotplate (Thermal and Vapour Resistance) 
According to International Standard 11092:1993, the Sweating Guarded-Hotplate often 
referred to as the Skin Model, specifies methods for the measurement of the Thermal 
Resistance (Rct) and Water-vapour Resistance (Ret) of textiles under steady state conditions. 
The temperature, relative humidity and air speed may be controlled and maintained at a steady 
state according to specified test conditions. 
 
Table 4.7 Test climates for Thermal Resistance (Rct0) and Water-vapour Resistance (Ret0).  
Test Climate Plate 
Temperature 
(°C) 
Air 
Temperature 
(°C) 
Air Relative 
Humidity  
(%) 
Dry Plate Test 
Conditions (Rct0) 
35 20 65 
Wet Plate Test 
Conditions (Ret0) 
35 35 40 
 
To completely cover the measuring unit and thermal guard throughout testing, three test 
specimens per fabric were cut into squares measuring 350 mm long × 350 mm wide, ensuring 
that no two specimens contained the same warp/weft threads. Test specimens were 
preconditioned for a minimum of 24 hours at the temperature and humidities specified for 
Thermal Resistance (i.e. 35°C and 65% RH), and Water-vapour Resistance (i.e.  35°C and 
45% RH). Prior to testing, the constants or 'bare plate' resistance values of the unit itself were 
determined for both thermal and water-vapour resistance, known as Rct0 and Ret0 respectively. 
These values are only recorded after steady state conditions have been reached and sustained. 
 
Thermal Resistance, Rct, expressed in m
2 
K W
-1
, does not involve moisture transfer. 
Therefore, the amount of heat loss in a fabric is calculated by measuring the temperature 
between the surface of the plate and the surrounding ambient air within the environmental 
chamber (ISO 11092:1993, p. 7, Equation 5): 
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Rct = 
         
      
  − Rct0    (4.2) 
 
where 
Rct = the thermal resistance, (m
2 
K W
-1
) 
Tm = the temperature of the measuring unit, (°C) 
Ta  = the air temperature in the test enclosure, (°C) 
A = the area of the measuring unit, (m
2
) 
H = the heating power supplied to the measuring unit, (W) 
∆Hc = the correction term for heating power for the measurement of thermal resistance Rct 
Rct0 = the apparatus constant, (m
2 
K W
-1
), for the measurement of thermal resistance Rct. 
 
Alternatively, water-vapour resistance, Ret, expressed in m
2
 Pa W
-1
, is measured by the 
amount of energy required to keep a constant vapour pressure between the top and bottom 
surface of the fabric (see Equation 4.3). This is achieved by saturating the heated porous plate 
with distilled water via a dosing device, and covering it with a smooth water-vapour 
permeable, liquid-water impermeable membrane to simulate sweating of human skin (Huang 
2006). Liquid water cannot come into contact with the test specimen since water fed to the 
heated plate evaporates and passes through the membrane as vapour. The rate at which the 
water evaporates from the surface of the plate and diffuses through the material, is then able 
to be measured (ISO 11092:1993, p. 7, Equation 6):  
 
Ret = 
          
      
 − Ret0   (4.3) 
where 
Ret = the water-vapour resistance, (m
2
 Pa W
-1
) 
Ƿm = the saturation water-vapour partial pressure, (Pa), at the surface of the measuring unit at 
temperature Tm 
Ƿa  = the water-vapour partial pressure, (Pa), of the air in the test enclosure at temperature Ta 
A = the area of the measuring unit, (m
2
) 
H = the heating power supplied to the measuring unit, (W) 
∆He = the correction term for heating power for the measurement of water-vapour resistance, 
Ret 
Ret0 = the apparatus constant, (m
2
 Pa W
-1
), for the measurement of water-vapour resistance, 
Ret 
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Based on 15 minute intervals, the average power required to keep the measuring unit at its 
preselected temperatures is measured. The mean of three readings from the Thermal and 
Water-vapour Resistances of each fabric, are calculated and interpreted according to AS/NZS 
4824:2006.  
 
4.4.8 Liquid Moisture Transport (Moisture Management Tester)  
Influenced by a fabric's geometric and internal structure, and by the wicking characteristics of 
its fibres and yarns, the Moisture Management Tester (MMT) objectively senses, measures 
and records the liquid moisture management properties of textiles, producing results based on 
the fabric's water resistance, water repellency and water absorption characteristics according 
to AATCC Test Method 195-2009 (Ding 2008).  
 
A set of five replicates per fabric, were cut into squares measuring 80 mm × 80 mm. Each 
upward-facing test specimen, was placed flat between the two horizontal upper and lower 
electrical sensors, each consisting of seven concentric pins as seen in Figure 4.4 (AATCC 
Test Method 195-2009; Hu et al. 2005; Yao et al. 2006).  
 
 
Figure 4.4 Sketch of MMT Sensors, (a) Sensor structure; (b) Measuring rings  
(Yao et al. 2006, p. 678 Figure 1). 
 
Correlating with fabric moisture content, the changes in electrical resistance detected between 
the two surfaces of the test specimen are measured and recorded to MMT software, once the 
predetermined amount (0.15 g) of sodium chloride test solution (0.9% NaCl) is dropped onto 
the centre of the test specimen (Brojeswari et al. 2007; Hu et al. 2005). Designed to simulate 
human sweating, the test solution transfers onto the fabric permitting movement in three 
directions over a 120 seconds measuring period (Bishop 2008, p. 222; Hu et al. 2005; Yao et 
al. 2006, p. 678): 
1. Spreading outward on the top (inner) surface of the fabric; 
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2. Transferring through the fabric from the top (inner) surface to the bottom (outer) 
surface, and 
3. Spreading outward on the bottom (outer) surface of the fabric. 
 
Derived from a summary of the measurements, the MMT then 'Grades' the liquid moisture 
management properties of fabrics using ten predetermined indices, shown in Table 4.8. These 
indices quantify the multi-directional movement of liquid moisture transport behaviour once 
in contact with the sensor rings of the top side (next-to-skin), and bottom side (surface facing 
the environment) of the fabric (Brojeswari  et al. 2007, p. 202). 
 
Table 4.8 Grading Table of all MMT Indices (Yao et al. 2006, p. 683, Table 3). 
Index Grade 
1 2 3 4 5 
Wetting Time (sec) Top ≥120 
No Wetting 
20-119 
Slow 
5-19 
Medium 
3-5 
Fast 
<3 
Very Fast 
 Bottom ≥120 
No Wetting 
20-119 
Slow 
5-19 
Medium 
3-5 
Fast 
<3 
Very Fast 
Absorption Rate (%/sec) Top 0-10 
Very Slow 
10-30 
Slow 
30-50 
Medium 
50-100 
Fast 
>100 
Very Fast 
 Bottom 0-10 
Very Slow 
10-30 
Slow 
30-50 
Medium 
50-100 
Fast 
>100 
Very Fast 
Max. Wetted Radius (mm) Top 0-7 
No Wetting 
7-12 
Small 
12-17 
Medium 
17-22 
Large 
>22 
Very Large 
 Bottom 0-7 
No Wetting 
7-12 
Small 
12-17 
Medium 
17-22 
Large 
>22 
Very Large 
Spreading Speed (mm/sec) Top 0-1 
Very Slow 
1-2 
Slow 
2-3 
Medium 
3-4 
Fast 
>4 
Very Fast 
 Bottom 0-1 
Very Slow 
1-2 
Slow 
2-3 
Medium 
3-4 
Fast 
>4 
Very Fast 
One-way transport capability (R) <-50 
Poor 
-50-100 
Fair 
100-200 
Good 
200-400 
Very Good 
>400 
Excellent 
Overall Moisture Management Capability 
(OMMC) 
0-0.2 
Poor 
0.2-0.4 
Fair 
0.4-0.6 
Good 
0.6-0.8 
Very Good 
>0.8 
Excellent 
 
In addition to multi-measurement evaluation profiles, test results are expressed by water 
content charts with moisture management index tables (i.e. Water Content versus Time 
(WCT), Water Location versus Time (WLT), and Fingerprints (FP) with fabric classification 
results based on grading indices).  
 
Water Content vs. Time charts show initial results of fabric moisture management 
performance, expressing water content changes topside (UT%) and bottom side (UB%), using 
a green line to indicate the fabric's inner/top surface wetting time (WTt), and a blue line to 
indicate the fabric's outer/bottom surface wetting time (WTb). Absorption rates and spreading 
speeds of top and bottom fabric surfaces (ARt and ARb, SSt and SSb respectively) are 
evaluated accordingly. 
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The maximum wetted ring radius of the top (MWRtop) and bottom (MWRbottom) fabric 
surfaces use Water Location vs. Time maps, to visually display how liquid moisture spreads 
from the centre of the specimen outwards. The wetted radii presented for both sides of the 
specimen show water content percentages, with brighter colouring denoting higher water 
contents (Yao et al. 2006). 
 
Accumulative One-Way Transport (R) reflects the one-way liquid transport capacity from the 
inner surface to the outer surface of the fabric with respect to time (i.e. R = (Area (UBottom) – 
Area (UTop))/Total Testing Time).  
 
Overall Moisture Management Capability (OMMC), is an index calculated by combining 
three important performance attributes of a fabric to manage the transport of liquid moisture 
(Yao et al. 2006): 
1. Average absorption rate at the bottom surface, ARB; 
2. One-way liquid transport capacity, R;  
3. Moisture spreading speed at the bottom surface, represented by accumulative 
spreading speed, SSB. 
 
Thus, studies indicate that MMT measurements of fabric Accumulative One-Way Transport 
(R) and Overall Moisture Management Capability (OMMC) relate to subjective perceptions 
of moisture sensations in sweating, including the sensation of feeling damp or clammy (Guo 
et al. 2008; Hu et al. 2005). 
 
Using the above indices, the test sample can then be evaluated for its liquid moisture 
management properties by converting Value to Grade, based on a five grade (1-5) scale, 
represented by: 1-poor, 2-fair, 3-good, 4-very good, 5-excellent. A direct overall evaluation of 
fabric moisture management properties, based on the Grades and Values of indices is 
achieved by classifying the fabric into seven categories (Types 1-7), the properties of which 
are summarised in Table 4.9. 
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Table 4.9 Fabric Moisture Management Classification into seven categories (Yao et al. 2006, 
p. 685, Table 5). 
Type No. Type Name Properties 
1 Water-proof fabric 
 
Slow/very slow absorption 
Slow spreading 
No one-way transport, no 
penetration 
2 Water-repellent fabric No wetting, 
No absorption 
No spreading 
Poor one-way transport without 
external forces 
3 Slow absorbing and slow drying Slow absorption 
Slow spreading 
Poor one-way transport 
4 Fast absorbing and slow drying Medium to fast wetting 
Medium to fast absorption 
Small spreading area 
Slow spreading 
Poor one-way transport 
5 Fast absorbing and quick drying 
fabric 
Medium to fast wetting 
Medium to fast absorption 
Large spreading area 
Fast spreading 
Poor one-way transport 
6 Water penetration fabric Small spreading area 
Excellent one-way transport 
7 Moisture management fabric Medium to fast wetting 
Medium to Fast Absorption 
Large spread area at bottom surface 
Fast spreading at bottom surface 
Good to excellent one-way transport 
 
Figure 4.5 displays the flow chart of the criteria and procedure for this classification method. 
 
Figure 4.5 Flow chart of fabric classification method (Yao et al. 2006, p. 684, Figure 8). 
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4.4.9 Determination of the effects of UV degradation on material aging: Colourfastness 
to light (MBTF)  
Due to experimental and environmental limitations (Pospíšil et al. 2006 cited in Song 2011, p. 
22; Saville 1999, p. 22), an artificial light source was selected to simulate accelerated natural 
sunlight exposure for the purposes of this experiment. Various test methods exist to assess 
polymer degradation as a result of photo-degradation testing, including xenon arc lamps, 
carbon arc lamps, fluorescent UV tubes and Mercury Vapour, Tungsten Filament and 
Internally Phosphor-Coated (MBTF) lamps (Zhang, Cookson & Wang 2008). 
 
Australian Standard AS 2001.4.21-2006 specifies test methods for the measurement of textile 
colour resistance, using an artificial light source (i.e. MBTF lamp) by comparing its 
performance with that of the blue light-fastness Standard. In order to evaluate the effects of 
UV radiation on the protective performance properties of fabrics containing UV-sensitive 
yarns, this test method was selected, but was deviated from in that only the exposure 
conditions were utilised. This type of light also allows test parameters such as wavelength of 
radiation, radiation intensity, irradiance uniformity, energy dosage and exposure time to be 
controlled to a certain degree.  
 
Consisting of three wavelength regions, the ultraviolet radiation band may be divided into 
UVA (320 to 400 nm), UVB (290 to 320 nm) and UVC (200 to 290 nm) (Saravanan 2007). 
Due to its phosphor-coating and tungsten filament, the energy distribution of MBTF lamps 
have shown to provide similar results to those obtained by daylight or xenon-arc light, 
including better simulations of daylight compared to ordinary mercury lamps alone since 
yellow and red light are added to the mercury-vapour spectrum (Fergusson 2008; Giles, Shah 
& Baillie 1969; Hindson & Southwell 1974). Fergusson (2008) suggests that AS 2001.4.21-
2006 is suitable in simulating daylight and emitting the correct levels of radiation (shown in 
Figure 4.6), since MBTF lamps have a strong peak at around 550 nm compared to noon 
sunlight at 500 nm. 
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Figure 4.6 Spectral power distribution of MBTF lamp (500 W Phillips HPML) compared with 
noon sunlight (Fergusson 2008). 
 
Instead of using smaller test specimen dimensions, each fabric's full width (approx. 300 mm 
long × 1.2 m wide) was exposed. This allowed the irradiated test specimens to be later cut 
from fabrics, without encountering the same warp or weft yarns. To achieve even exposure 
across the face of the fabric, sample lengths were cut in half, thus requiring two MBTF lamp 
units per fabric. Therefore, outsourcing was essential in order to simultaneously expose the 
best-candidate fabrics for Stage Two testing. As a result of using two different test 
laboratories, test specimen dimensions were altered by reducing useable test lengths to 200 
mm. This affected the type of test method selected to evaluate irradiated fabric strength loss 
(i.e. Tensile strength was replaced with Tear resistance), in addition to reducing the number of 
replicates per test due to strict sampling procedures.  
 
Each of the best-candidate Experimental fabrics, was exposed under prescribed conditions to 
the light emanating from an artificial light source, in this case a MBTF 500 watt lamp, with a 
minimum illuminance level of 600 lux and a maximum illuminance level of 5000 lux over the 
plane of the viewing samples, according to test method requirements (AS 2001.4.21-2006 
Section 6.6 (c) & (d)). To account for variation in temperature and irradiance that may occur 
from the MBTF lamp, samples were rotated regularly throughout the 336 hours (or 14 day) 
continuous exposure period, equating to one summer season.  
 
While a great deal of research has been done on firefighting PPC, very little research is 
available on how protective fabrics containing UV-sensitive yarns perform once they age. A 
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material's protective properties, such as flame resistance and strength, are crucial in providing 
the protection required for emergency situations and work environments encountered by 
firefighters on a daily basis.  
 
The minimum performance requirements that every new unworn material, or garment must 
meet before use in Wildland and Structural firefighting operations respectively, are outlined 
in current firefighting PPC Standards (AS/NZS 4824:2006 and AS/NZS 4967:2009) and 
guidelines (ISO/TR 21808:2009 (E)). However, these Standards fall short in providing further 
quantitative measures of degradation for the continued use of protective materials and 
garments over an extended period (i.e. lifetime). Therefore, projected time-based life 
expectancies of firefighting PPC is problematic for textile manufacturers and fire service 
purchasing authorities alike.  
 
Since no formal test method or Standard currently exists for this purpose, performance 
comparisons between original test values and irradiated test values from fabric testing (see 
Table 4.5), were made according to each test's corresponding Standard requirements. Because 
different light sources emit different wavelengths, minor spectral differences between daylight 
and artificial light must exist. Given that in-service conditions and exposures encountered 
during firefighting cannot be truly replicated, the experimental results obtained should be 
regarded as approximations only.  
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Chapter 5: Results & Discussion 
 
5.1 Preliminary fabric testing: structural and physical properties  
Fabric specification tests were performed on each of the Experimental sample fabrics to check 
the accuracy of pre- and post-production weave specifications and calculations. The test 
results of the structural and physical properties of the Commercial Master Control 'A' (MCA) 
fabric, and the eight Experimental sample fabrics with different cover factors for mid-layer 
firefighting Station Wear are given in Table 5.1. 
 
Table 5.1 Structural and physical properties of the single-layer, woven Commercial MCA and 
Experimental sample fabrics. 
No. Fabric Weave 
structure 
Mass 
per unit 
area 
 
(g/m
2
) 
Warp 
Cover 
 
 
(C1) 
Weft 
Cover 
 
 
(C2) 
Cloth 
Cover 
factor 
 
(C1 + C2) -
(C1 × C2) 
Dyed 
dimensional 
stability 
 
(< 3%) 
Undyed 
dimensional 
stability* 
 
(< 3%) 
1 MCA Plain 166 0.55 0.49 0.77 n/a n/a 
2 B1W1 Plain 137 0.56 0.34 0.71 < 3 n/a 
3 B1W2 2/1 Twill 145 0.56 0.40 0.74 < 3 n/a 
4 B2W1 Plain 145 0.56 0.36 0.72 < 3 < 3 
5 B2W2 2/1 Twill 154 0.56 0.40 0.74 < 3 < 3 
6 B3W1 Plain 140 0.56 0.34 0.71 < 3 < 3 
7 B3W2 2/1 Twill 149 0.56 0.37 0.72 < 3 < 3 
8 C1W1 Plain 178 0.56 0.40 0.74 < 3 n/a 
9 C1W2 2/1 Twill 187 0.56 0.44 0.75 < 3 n/a 
* Using Experimental fabrics containing non shrink-proofed Superfine (18 μm) merino yarns 
 
A maximum cloth cover factor of 1 is achieved when the yarns touch each other (Adanur 
2000). However, depending on the fabric finishing processes, yarns may be compressed and 
flattened, resulting in higher values being obtained in practice (Crews, Kachman & Beyer 
1999; Saravanan 2007). 
 
The percentage cover by the warp yarns was greater than the weft yarns in all nine sample 
fabrics. Therefore, a higher warp cover factor in fabrics was generally compensated by a 
lower weft cover factor (Sondhelm 2000).  
 
The Experimental fabrics' end densities were fixed because a common warp yarn was used. 
Depending on weave structure, the pick densities were adjusted to allow for yarns of different 
fibres and counts (tex) to be used, and to obtain a finished Experimental fabric weight lighter 
than the Commercial MCA fabric, ranging between 140-160 g/m
2
. With the exception of the 
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C1W1 and C1W2 Experimental fabrics that contained the comparative merino weft yarn in a 
higher weft tex and lower pick density, the target fabric weights were achieved with an 
average of 5 g/m
2
 difference between the projected loom-state fabric weight calculations 
provided in the weave specification, and the actual finished Experimental fabric weights. In 
addition, the increase in float produced higher weft cover factors for all Experimental fabrics 
woven in a 2/1 twill weave design. 
 
Prior to comprehensive fabric testing, laboratory experiments to test the dimensional stability 
of dyed Experimental samples, especially those containing non shrink-proof Superfine merino 
yarns, were carried out according to the processes outlined in Chapter 4.2.1, Table 4.2. 
Experimental fabrics were dyed according to their blend ratio with the dyeing processes given 
in Figure 5.1 and Figure 5.2. Since the dyed and undyed Experimental samples returned 
positive dimensional stability results (< 3%), subsequent fabric testing was carried out on the 
fully finished, but deliberately undyed Experimental fabrics.  
 
 
Figure 5.1 Dyeing process for B2W1, B2W2, C1W1 & C1W2 Experimental fabrics. 
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Figure 5.2 Dyeing process for B1W1, B1W2, B3W1 & B3W2 Experimental fabrics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 
20 
40 
60 
80 
100 
120 
140 
0 5 50 80 115 120 135 150 170 175 
T
e
m
p
e
r
a
tu
r
e 
(°
C
) 
Time (min) 
Aramid, FR Viscose & merino Experimental fabric 
blends 
chemicals &  
dyes added 
rising at 
2°C/min 
top dyeing temp. at 130°C 
add sodium 
sulphate 
cooling cycle 
drop dye bath &  
rinse fabric  
(add copper sulphate 
& acetic acid) 
 87 
 
5.2 Stage One Testing: Commercial and Experimental fabrics  
5.2.1 Introduction 
A series of thermal, mechanical and comfort tests were carried out on the Commercial MCA 
fabric and the eight Experimental fabrics. Initial UV degradation testing was carried out on 
the Commercial MCA fabric (Stage One Testing), and then on the two best-candidate fabrics 
chosen, along with the MCA fabric for Stage Two Testing. To establish a measure of relative 
quality, product test result data for each test method was analysed according to the relevant 
fabric performance criteria and Standards, previously outlined in Chapter 4.3.2, Table 4.4.  
 
The weave performance of the Experimental Station Wear fabrics was evaluated based on two 
variable weave designs using similar yarn counts (tex), using a common warp, similar 
pick/end densities, and target fabric weight (g/m
2
). As a result of the common warp, 
variability in the Experimental samples' fabric performance came from the different weft yarn 
insertions used and the sett of those weft yarns, as well as the weave structure chosen. 
 
5.2.2 Limited Flame Spread 
To determine how readily materials ignited and how long they continued to burn after the 
ignition source was removed (i.e. after-flame time), the Limited Flame Spread properties of 
the Commercial Master Control A (MCA) fabric, and the eight Experimental fabrics were 
tested according to surface ignition Standard test procedures (ISO 15025:2000, Procedure A). 
During testing, the burning behaviour of the fabrics was observed for other factors that may 
influence the thermal protection level. This included melting, flaming or molten debris, 
observed smoke emission, hole formation, flaming to the top or either side edge of the test 
specimen, and the occurrence of any after-flame or afterglow. After-flame and afterglow 
times recording less than 1.0 second were recorded as 0 in the results, whereas after-flame and 
afterglow times exceeding 2.0 seconds constituted a failing result. None of the fabrics tested 
exhibited flaming or molten debris, or after-glow.  
 
Table 5.2 summarises the burning behaviour of the nine chosen Station Wear fabrics. 
Standard compliance to thermal requirements was based on the fabric as a whole, rather than 
the fabric's individual warp and weft flammability performance. The mean warp and mean 
weft was calculated from three replicates per fabric. 
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Table 5.2 Summary of the Limited Flame Spread properties of the Commercial fabric and 
Experimental fabrics. 
No. Fabric Direction After- 
flame 
time 
≤ 2s 
Holes  
 
Flaming 
vertical/ 
upper edge 
Standard 
Compliance 
(AS/NZS 
4824:2006) 
1 MCA Mean warp 
Mean weft 
0.0 
0.0 
No 
No 
No 
No 
Pass 
2 B1W1 Mean warp 
Mean weft 
0.0 
0.0 
Yes 
No 
No 
No 
Fail 
3 B1W2 Mean warp 
Mean weft 
0.0 
0.0 
No 
No 
No 
No 
Pass  
4 B2W1 Mean warp 
Mean weft 
23.6 
32.1 
Yes 
Yes 
Yes 
Yes 
Fail 
5 B2W2 Mean warp 
Mean weft 
17.3 
17.9 
Yes 
Yes 
Yes 
Yes 
Fail 
6 B3W1 Mean warp 
Mean weft 
0.0 
0.0 
Yes 
Yes 
No 
No 
Fail 
7 B3W2 Mean warp 
Mean weft 
0.0 
0.0 
No 
No 
No 
No 
Pass  
8 C1W1 Mean warp 
Mean weft 
32.7 
50.3 
Yes 
Yes 
Yes 
Yes 
Fail 
9 C1W2 Mean warp 
Mean weft 
48.0 
17.7 
Yes 
Yes 
Yes 
Yes 
Fail 
 
Ideally, a low propensity for ignition from a flaming source is desirable for protective 
clothing, however if the item ignites, then a slow fire spread with low heat output would be 
preferred (Bajaj 2000). To limit the fabric's oxygen supply and propensity to burn, fibres with 
a higher Limited Oxygen Index (LOI) such as Nomex® or aramid blends, FR Viscose, and 
merino were specifically selected for Experimental fabric production.  
 
Taking into consideration that Standard (AS/NZS 4824:2006) thermal requirements for 
Limited Flame Spread testing were based on primary firefighting (Turnout) outer-shell 
materials, three of the nine Station Wear fabrics easily complied with the Standard; the 
Commercial MCA fabric and Experimental fabrics B1W2 and B3W2. Even though B1W2 
and B3W2 fabrics were up to 20 g/m
2
 lighter than the Commercial MCA fabric, all three 
fabrics exhibited similar burning behaviours in that they resisted flame spread well, and did 
not continue to burn once the small igniting flame had been removed from the test specimen. 
Minimal smoke emission was observed during the 10 second flame application time for all 
three fabrics, however no hole formation, flaming to the top or either side edge of the test 
specimen, or the occurrence of after-flame was evident. Experimental fabrics B1W2 and 
B3W2 produced a lighter, more malleable char, whereas the MCA fabric formed a black, 
brittle char once cooled.   
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The weft yarns used in all three fabric structures included an intimate yarn blend of 
Nomex®/FR Viscose. The Commercial MCA fabric utilised this blend in both the warp and 
weft direction. Due to the aramid warp yarn and the end density being fixed, Experimental 
fabric blending was limited to the selection of different combinations of fibres in the weft 
yarns and their picking orders, because not all fibre combinations were available as intimate 
yarn blends. Experimental fabric B3W2 was blended as a union blend in which two different 
weft yarns (i.e. Nomex®/FR Viscose and  Superfine merino) were separately inserted into the 
fabric, as alternating picks in the twill weave design (refer to Chapter 3.4.2, Figure 3.3). This 
resulted in B3W2 fabric's unique blend, weave, and  sett that improved flame performance 
when compared to other Experimental fabrics containing merino weft yarns alone.  
 
The remaining six Experimental fabrics B1W1, B2W1, B2W2, B3W1, C1W1 and C1W2 all 
failed to comply with Standard thermal requirements for a variety of reasons, some of which 
may be easily remedied in future designs. Their limitations are raised in later discussions.  
 
Since failure in either the warp or weft direction constitutes failure of the entire fabric, 
Experimental fabric B1W1 just failed to comply with the Standard thermal requirements for 
primary firefighting outer-shell materials (Turnout), due to the formation of several tiny holes 
in the fabric's warp direction. Also, as the only thermal requirement that wasn't met, 
Experimental fabric B3W1 failed to comply due to tiny holes forming in the fabric's warp and 
weft directions. Given that both B1W1 and B3W1 fabrics share an equivalent weave sett and 
blend ratio to the fabrics which complied with Standard thermal requirements (i.e. B1W2 and 
B3W2), the results indicate that plain-woven Experimental Station Wear fabrics weighing less 
than 140 g/m
2
, were least effective in resisting flame spread. 
 
A comparison between the weft burning behaviour of the two Experimental fabrics (B1W2 
and B3W2) that complied with Standard requirements are shown in Figure 5.3 (a) and (b), 
whereas the weft burning behaviour of four of the eight Experimental fabrics that failed to 
comply with Standard thermal requirements are shown in Figure 5.3 (c), (d), (e) and (f). 
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(a)     (b) 
 
   
(c)    (d) 
 
     
(e)    (f) 
Figure 5.3 Example of the two Experimental fabrics that passed: (a) B1W2 flame spread, 2/1 
twill weave, weft specimen 1; (b) B3W2 flame spread, 2/1 twill weave, weft specimen 3. 
Examples of Experimental fabrics in a 50/50, aramid/merino blend ratio that failed: (c) B2W1 
flame spread, plain weave, weft specimen 1; (d) C1W1 flame spread, plain weave, weft 
specimen 3; (e) B2W2 flame spread, 2/1 twill weave, weft specimen 1; (f) C1W2 flame 
spread, 2/1 twill weave, weft specimen 2. 
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Containing an aramid warp yarn (e.g. Nomex®, Kevlar®, anti-static fibre) and merino weft 
yarn, Experimental fabrics B2W1 and C1W1 woven in a plain weave (Figure 5.3 (c) and (d)), 
and Experimental fabrics B2W2 and C1W2 woven in a 2/1 twill weave (Figure 5.3 (e) and 
(f)), had very poor flame spread performance properties. Despite differences in their weave 
structure, cover factor and weight, these fabrics exhibited similar burning behaviours in that 
materials readily ignited and continued to burn after removal of the 10 second igniting flame, 
with the majority of the fabrics flaming toward the top or toward either side edge of the warp 
and weft test specimens. Remnants of the burnt aramid warp yarns may be seen laced across 
the samples. 
 
However, in the warp, the burning behaviour and flame spread of Experimental fabric B2W1 
(Figure 5.4) differed from that in its weft direction (Figure 5.3 (c)), by not progressing up the 
specimen or travelling out along the weft yarns. Although extremely fragile, the remaining 
aramid warp yarns that survived within the burnt area managed to contain further flame 
spread, since flaming did not reach the top or either side edge of the test specimen. 
 
 
Figure 5.4 Example of the warp burning behaviour of Experimental fabric B2W1. 
 
Even though the merino weft yarns in Experimental B2 and C1 fabrics visibly bubbled to 
form an intumescent char to reduce further flame spread, the heat intensity from the flame 
damaged the surrounding aramid warp yarns, leaving little residual strength and extensive 
hole formations. Although no afterglow or flaming debris was observed, all four Experimental 
fabrics containing 50/50 aramid/merino blends failed to comply with Standard thermal 
requirements. 
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The increased float and slightly higher cover factor of twill-woven Experimental fabrics 
B2W2 (Figure 5.3 (e)), and C1W2 (Figure 5.3 (f)) may have contributed to a better initial 
flame spread performance, since the damaged perimeter was less when compared to these 
fabrics' plain-woven counterparts.  
 
The different burning propensities of the common aramid warp yarn and the merino weft 
yarn, as well as the structural properties (e.g. warp/weft yarn count, weave structure and sett) 
of Experimental fabrics C1W1 (Figure 5.3 (d)) and C1W2 (Figure 5.3 (f), influenced their 
burning behaviours. When the count of the merino weft yarn was doubled for the C1W1 and 
C1W2 fabrics, their pick densities had to be significantly reduced in order to maintain a 
reasonable fabric weight when compared to the remaining six Experimental fabrics. The 
longer floats in each direction of different yarns (especially for the 2/1 twill weave in C1W2) 
resulted in an unbalanced weave sett. Thus the thicker, hairier, non flame-retardant treated 
merino weft yarns were more exposed on the face of the fabric's weave structure. The higher 
cover factors of the Experimental C1 fabrics may have helped reduce the perimeter of flame 
spread, but not the ignitability of the fabric. 
 
5.2.3 Sweating Guarded-Hotplate Test: Thermal and Water-vapour Resistance  
Occurring separately or simultaneously next to the skin's surface, the processes of heat and 
mass transfer have the ability to influence physiological comfort and the physical properties 
of textiles. In order to assess the heat exchange of the human body with the environment 
through clothing layers, both the Thermal Resistance, Rct (i.e. the insulation value) and the 
Water-vapour Resistance, Ret of a fabric are required (Holmer 2005, p. 384; Huang 2006). 
 
Thermal Resistance, Rct (m
2
 K/W) is the resistance that a material offers to heat flowing 
through it. Materials with a higher Rct value have good insulating properties, therefore 
materials with lower Rct values permit heat energy to pass through the fabric and into the 
outer environment. Fabrics, and to a larger extent clothing, with lower thermal resistances and 
higher thermal conductivity, allow internal heat energy to gradually decrease to give rise to a 
cool feeling depending on the external humidity. Thermal properties such as these are 
significant in assessing the comfort properties of firefighting Station Wear fabrics. 
 
The Thermal Resistance (Rct) of the Commercial Master Control A (MCA) fabric and the 
eight Experimental Station Wear fabrics are given in Figure 5.5. The mean of three replicates 
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for each fabric was calculated according to ISO 11092:1993, in compliance with AS/NZ 
4824:2006 Standard requirements. All nine woven, single-layer Station Wear fabrics easily 
complied with Standard requirements by giving a Thermal Resistance (Rct) of < 0.055 m
2
 
K/W. 
 
 
Figure 5.5 Rct summary of the Commercial and the Experimental fabrics. 
 
Of the nine fabrics tested, Experimental fabric B3W1 returned the lowest Thermal Resistance 
(Rct = 0.0031 m
2
 K/W) compared with Experimental fabric C1W2, which obtained the highest 
(Rct = 0.0117 m
2
 K/W). A summary of the mean Thermal Resistances, along with the 
structural properties of the Commercial and Experimental fabrics are given in Table 5.3.  
 
Table 5.3 Summary of Rct (m
2
 K/W) values for the Commercial and Experimental fabrics.  
No.  Fabric Weave 
structure  
Fibre Blend 
ratio  
 
 
 
(%) 
Mass 
per 
unit 
area 
 
(g/m
2
) 
Mean Thermal 
Resistance, Rct 
 
 
 
(m
2
 K/W) 
1 MCA Plain Nomex®/Lenzing FR® 50/50 166 0.0083 
2 B1W1 Plain Aramid blend/FR Viscose 
and Nomex® intimate 
blend 
50/50 137 0.0038 
3 B1W2 2/1 Twill Aramid blend/FR Viscose 
and Nomex® intimate 
blend 
50/50 145 0.0064 
4 B2W1 Plain Aramid blend/Superfine 
merino 
50/50 145 0.0048 
5 B2W2 2/1 Twill Aramid blend/Superfine 
merino 
50/50 154 0.0077 
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6 B3W1 Plain Aramid blend/ Superfine 
merino/FR Viscose and 
Nomex® intimate blend 
50/25/25 140 0.0031 
7 B3W2 2/1 Twill Aramid blend/Superfine 
merino/FR Viscose and 
Nomex® intimate blend 
50/25/25 149 0.0079 
8 C1W1 Plain Aramid blend/Merino 50/50 178 0.0062 
9 C1W2 2/1 Twill Aramid blend/Merino 50/50 187 0.0117 
 
With the exception of the heavy-weight Experimental C1W2 fabric (Rct = 0.0117 m
2
 K/W), 
the remaining Experimental fabrics all outperformed the Commercial MCA fabric (Rct = 
0.0083 m
2
 K/W). Experimental fabrics constructed in a plain weave showed lower thermal 
resistances compared to those constructed in a 2/1 twill weave. Thus, the airflow path through 
the fabric may be altered depending on the type of weave construction. 
 
The shape and areas of the gaps created between yarns in a weave are also influenced by the 
amount of yarn crimp (Ding 2008). The number of interlacings in a plain weave is higher than 
that of a 2/1 twill weave, however the size and shape of the gaps would be different in a twill 
weave construction since floats are longer. This is exacerbated in fabrics that are not square 
sett, although every attempt was made within production limits to balance the fabrics without 
increasing weight beyond desirable limits. 
 
It is reasonable to suggest that Thermal Resistance (Rct) appears to be directly influenced by 
fabric blend ratio, weave structure and weight. Where insulating fibres such as merino are 
used in the fabric blends, Rct values tend to increase also. Despite differences in weave 
structure, the highest Rct was observed in Experimental fabric C1W2 (Rct = 0.0117 m
2
 K/W), 
where a heavier merino weft yarn count comprised 50% of the fabric's overall blend ratio. 
Where the Superfine merino weft yarns comprised only 25% of the fabric blend (i.e. 
Experimental fabrics B3W1 and B3W2), results were similar but not as obvious. In the sense 
of thermal radiation protection, C1W2 would give the best protection in the overall selection 
of fabrics tested for thermal resistance, however it would prevent the transfer of moisture 
from the inside to the outside, and so result in the wearer overheating. 
 
 
Water-vapour Resistance, Ret (m
2 
Pa/W) is the resistance to heat transfer by evaporation, and 
vapour transfer through fabric and clothing layers (Holmer 2005, 2006). Influencing comfort 
perceptions in both hot and cold conditions, moisture from sweat within clothing layers or 
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from external sources (e.g. rain, fire hose), can impact the micro- and macro-environments of 
firefighting protective clothing (Bishop 2008). The ability to transport water-vapour which 
has accumulated at the skin's surface, through a fabric and into the outer environment is 
measured using the Sweating-Guarded Hotplate method (ISO 11092:1993) under isothermal 
conditions, thereby avoiding condensation effects in the samples that would influence the 
resistance value (Rossi 2005). 
 
For protective fabrics intended to be worn in hotter climates, lower Ret values are desirable 
because they indicate better water transmission properties from the inside to the outside of the 
fabric. When sweat is transferred to the outer environment and allowed to evaporate, the 
temperature in the skin's microclimate improves and the body is able to cool down without 
increasing associated clothing discomfort (i.e. sensory comfort is reduced when fabrics feel 
wet or damp) (Holmer 2005). However, the humidity of the external environment is a vital 
factor for evaporation to occur. 
 
The Water-vapour Resistance (Ret) values of the Commercial fabric and the eight 
Experimental Station Wear fabrics are given in Figure 5.6.  The mean of three replicates for 
each fabric was calculated according to ISO 11092:1993 in compliance with AS/NZ 
4824:2006 Standard requirements. All nine woven, single-layer Station Wear fabrics easily 
complied with Standard requirements by giving a Water-vapour Resistance (Ret) of < 10 m
2 
Pa/W. 
 
 
Figure 5.6 Ret summary of the Commercial and the Experimental fabrics. 
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AS/NZS 4824:2006 also specifies that when tested in accordance to ISO 11092:1993, 
material or material combinations with Ret values less than 10 m
2 
Pa/W will maximize the 
breathability performance of fabrics or garments. The nine fabrics had Water-vapour 
Resistance values ranging between 2.05-2.62 m
2 
Pa/W, indicating very good-to-excellent 
fabric breathability properties. 
 
With the exception of the heaviest Experimental fabric C1W2 (Ret = 2.62 m
2 
Pa/W) that 
returned the highest overall Water-vapour Resistance of all nine Station Wear fabrics, the 
remaining seven Experimental fabrics either outperformed, or matched the Commercial MCA 
fabric Ret value (i.e. MCA and B1W2 Ret = 2.45 m
2 
Pa/W). A summary of the mean Water-
vapour Resistance, along with the structural properties of the Commercial and Experimental 
fabrics are given in Table 5.4. 
 
Table 5.4 Summary of Ret (m
2 
Pa/W) values for the Commercial and Experimental fabrics.  
No.  Fabric Weave 
structure  
Fibre Blend 
ratio  
 
 
 
(%) 
Mass  
per 
unit 
area 
 
(g/m
2
) 
Mean Water-
vapour 
Resistance, Ret 
 
 
(m
2 
Pa/W) 
1 MCA Plain Nomex®/Lenzing FR® 50/50 166 2.45 
2 B1W1 Plain Aramid blend/FR 
Viscose and Nomex® 
intimate blend 
50/50 137 2.26 
3 B1W2 2/1 Twill Aramid blend/FR 
Viscose and Nomex® 
intimate blend 
50/50 145 2.45 
4 B2W1 Plain Aramid blend/Superfine 
merino 
50/50 145 2.25 
5 B2W2 2/1 Twill Aramid blend/Superfine 
merino 
50/50 154 2.40 
6 B3W1 Plain Aramid blend/Superfine 
merino/FR Viscose and 
Nomex® intimate blend 
50/25/25 140 2.05 
7 B3W2 2/1 Twill Aramid blend/ Superfine 
merino/FR Viscose and 
Nomex® intimate blend 
50/25/25 149 2.27 
8 C1W1 Plain Aramid blend/Merino 50/50 178 2.36 
9 C1W2 2/1 Twill Aramid blend/Merino 50/50 187 2.62 
 
Because the nine Station Wear fabrics tested were designed for the same end use, it was a 
good indication during testing that Water-vapour Resistance (Ret) values fell within similar 
limits. Unlike Thermal Resistance (Rct), where fabric weight was a determining factor in 
achieving lower Rct values, Ret appears to be influenced mainly by fabric blend ratio, and to a 
lesser degree, the weave structure. Aided by fibre choice, fabric design and construction, the 
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capacity of fabric fibres to effectively manage moisture is also dependent on the level of 
activity and the amount of perspiration produced. 
 
Table 5.5 displays the fibre moisture regain and wicking properties of the yarns selected for 
Experimental fabric production. These properties are significant for Water-vapour Resistance, 
given that the ability of sweat to evaporate through a fabric is influenced by climatic 
conditions such as relative humidity and temperature, as well as fibre type and fabric 
construction.  
 
Table 5.5 Moisture management properties of Selected Yams for Experimental fabrics. 
Fibre 
Classification 
Yarn 
Type 
Moisture 
 Regain 
 
Wicking 
ability 
Comments 
meta-aramid Nomex® 
 
6.5% 
Moderate, 
hydrophobic 
Very poor The moisture regain of 
Nomex® is significantly 
greater than that of polyester, 
slightly higher than that of 
nylon, and less than that of 
cotton. 
para-aramid Kevlar® 4% 
Poor, 
hydrophobic 
 
Very poor Used minimally in yarn blends 
with Nomex® and static 
dissipative fibres to improve 
resistance to break-open under 
thermal load. 
Regenerated Flame 
Resistant 
(FR) 
Viscose 
11-14% 
Good, 
hydrophilic 
Good When used in intimate yarn 
blends, viscose improves the 
comfort performance of 
Nomex® fabrics. 
Natural Merino 
wool 
 
14-30% 
Very good, 
hydrophilic 
 
 
Very good Hygroscopic, able to absorb 
and desorbs large amounts of 
water as the relative humidity 
surrounding the fibre changes. 
Excellent moisture buffer 
during physical activity. 
Natural stretch and elasticity. 
Naturally UV-resistant. 
 
Overall, it was observed that three of the top four performing samples contained Superfine 
merino weft yarns as part of the fabric's blend ratio (i.e. B3W1, B2W1 and B3W2). As 
previously discussed in Chapter 3.2, wool is a hygroscopic fibre that can effectively manage 
small amounts of moisture without losing its insulation properties. Like wool, fabrics 
containing viscose can also facilitate evaporative cooling because they have effective 
moisture absorbency and moisture-vapour transfer properties (Mukhopadhyay & Midha 
2008). Therefore, the introduction of merino and FR Viscose yarns into aramid fabric blends 
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helped improve the functionality of fabrics, where inherent properties such as absorbency 
might be lacking. 
 
Although specifically woven with the intention of minimising weak spots in the fabric's 
weave structure due to the higher-strength warp yarn, and significantly weaker weft yarns, the 
insertion of an intimately-blended FR Viscose/Nomex® yarn into the weft picking order of 
Experimental fabrics B3W1 and B3W2, enhanced the Water-vapour Resistance properties of 
these fabrics compared with those fabric containing the merino weft yarns alone.  
 
Similar to Thermal Resistance testing (Rct), although not as prominent, there is evidence 
suggesting that Water-vapour Resistance (Ret) values tend to increase in twill-woven fabrics, 
as opposed to Experimental fabrics woven in a plain weave. A slight variation in fabric 
weight between weave structures was observed in Experimental fabrics of the same blend, 
which may have contributed to an increased Ret value since fabric insulation generally 
increases with heavier fabric weights. In addition, finer yarn counts have smaller yarn 
diameters, therefore lower cover and so more space for air and water-vapour to traverse the 
fabric, especially in fabrics that are not square sett. 
 
Whether in liquid or vapour form, perspiration unable to be transported through air gaps 
between yarns or wicked by yarns in fabrics causes thermal discomfort to the wearer, by 
restricting heat loss from the body to the environment (Ding 2008; McCullough 2005). 
Taking into consideration that the lightest Experimental fabric weights (i.e. B1W1 and 
B3W1) generally produced better Thermal (Rct) and Water-vapour (Ret) Resistances, yet 
failed to meet minimum Standard requirements for Limited Flame Spread, Experimental 
fabrics B1W2 and B3W2 still outperformed the Commercial MCA fabric on both accounts. 
This was reflected in the Thermal and Water-vapour Resistance values obtained. 
 
5.2.4 Tear Resistance (Wing-Rip method) 
Influencing the mechanical performance properties and service life of protective clothing, 
fabric durability was measured using Standard Tear Resistance and Tensile Strength test 
methods. 
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Tearing is the most common type of strength failure of fabrics in use, with failure of one yarn 
causing the transfer of stress to the surrounding yarns in the fabric. As a result, the fabric 
ruptures by tearing in the place where the maximum localised stress has been applied. For 
protective work wear applications such as firefighting Station Wear, a fabric's tear resistance 
can provide a measure of the necessary durability and functionality required to withstand the 
daily stresses involved in various firefighting activities. Fabrics used to construct Station 
Wear uniforms must therefore provide an additional layer of protection where required, 
especially in the event that Turnout Gear is compromised during primary firefighting 
operations. 
 
The Tear Resistance of the Commercial Master Control A (MCA) fabric and the eight 
Experimental fabrics was measured in accordance with AS 2001.2.10-1986 (Wing-Rip), using 
the mean of the five-highest-peaks assessment method, previously outlined in Chapter 4.4.6. 
Requiring a minimum tearing force of 20 N in the warp and weft directions, results were 
interpreted according to the Australian Standard for Industrial Clothing, AS 2919-1987.  
 
Most of the Station Wear fabrics produced the required number of peaks during testing. In the 
event that either a warp or weft test specimen finished tearing before five identifiable peaks 
could be obtained, only the relevant peaks were used in calculating the fabric's mean 
(average) tear resistance. This ensured that the fabric's actual tearing force (N) was recorded, 
instead of yarn slippage producing false failures (e.g. from different warp/weft yarn strengths 
within the fabric). A summary of the mean tearing force (N) per fabric and direction is shown 
in Table 5.6, along with each fabric's Standard compliance. 
 
Table 5.6 Summary of the Warp and Weft Mean tearing forces (N) of the Commercial and 
Experimental fabrics, according to Standard compliance.  
No. Fabric  
 
Weave 
structure 
Mean 
Warp 
tearing 
force  
 
 
(N) 
Warp 
Standard 
Compliance  
(AS 2919-
1987)  
 
(20 N) 
Mean 
Weft 
tearing 
force  
 
 
(N) 
Weft 
Standard 
Compliance  
(AS 2919-
1987)  
 
(20N) 
Fabric 
Standard 
Compliance  
(AS 2919-
1987)  
 
(20 N) 
1 MCA Plain 20  19  Fail 
2 B1W1 Plain 74  23  Pass  
3 B1W2 2/1 Twill 82  32  Pass  
4 B2W1 Plain 93  16  Fail* 
5 B2W2 2/1 Twill 105  23  Pass  
6 B3W1 Plain 92  28  Pass  
 100 
 
7 B3W2 2/1 Twill 90  41  Pass  
8 C1W1 Plain 92  30  Pass  
9 C1W2 2/1 Twill 116  39  Pass  
* According to Standard, B2W1 weft tear results were discounted due to irregular tear behaviours. 
 
Seven of the eight Experimental woven, single-layer fabrics intended to be worn as mid-layer 
protective Station Wear, complied with minimum AS 2919-1987 Tear Resistance Standard 
requirements in both the fabrics' warp (Figure 5.7) and weft (Figure 5.8) directions.  
 
 
Figure 5.7 Mean Warp Tearing force (N) and Standard compliance of the Commercial and 
Experimental fabrics. 
 
Despite the use of the common warp yarn, variability in the Experimental fabrics warp tear 
resistance suggests that the weft yarns had an influence. Recording the lowest mean warp 
tearing force of the group, the Commercial MCA fabric just managed to comply with the 
minimum warp Tear Resistance Standard requirements. Overall however, the Commercial 
MCA fabric (warp tear = 20 N, weft tear = 19 N) and Experimental fabric B2W1 (warp tear = 
93 N, weft tear = 16 N) both fell below the minimum Standard requirements for Tear 
Resistance.  
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Figure 5.8 Mean Weft Tearing force (N) and Standard compliance of the Commercial and 
Experimental fabrics. 
 
The poorer mechanical performance of the Commercial MCA fabric may be attributed to the 
use of the same, inherently weaker Nomex®/Lenzing FR® intimately blended yarn in both 
the fabric's warp and weft directions, as well as the plain weave sett having a slightly higher 
end-to-pick ratio, compared with the Experimental fabrics common high-strength aramid 
warp yarn. However in most cases, the tear resistance profile differed in the warp and weft 
directions of Experimental fabrics due to their different yarns strengths. 
 
In accordance with Standard test procedures, the weft Tear Resistance of Experimental fabric 
B2W1 was discounted due to its irregular tearing behaviour. Unlike the Commercial MCA 
fabric, in this case, a change in crosswise tear direction was observed and the path of least 
resistance was taken via the weaker merino weft yarns, tearing across the 'winged' specimen 
instead of vertically down the specimen. Although the maximum number of seven replicates 
was used with suitable packing materials to correct the issue, limited sample lengths 
prevented the fabric from being retested.  
 
The effect of fabric weave on tear resistance is determined by yarn count, weave sett and final 
fabric weight. Fabrics woven into twill or basket weave with longer yarn floats tend to have 
higher tear resistances than plain-woven fabrics, since yarns may group together to resist tear 
(Adanur 2000; Nazaré et al. 2012; Saville 1999). Hence, higher weft tear resistances were 
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observed in all Experimental fabrics woven in a 2/1 twill weave compared with those woven 
in a plain weave. Also, fabric tear resistance was increased in the heavier Experimental 
fabrics (i.e. C1W1 = 178 g/m
2
, and C1W2 = 187 g/m
2
), using a higher weft yarn count and 
lower pick density, allowing the yarns to displace themselves laterally and so tear in groups 
rather than individually.  
 
Since all of the minimum fabric tearing force values are representative of primary protective 
clothing layers (i.e. Turnout), the mechanical requirements for Station Wear materials might 
be reduced compared with those required for firefighting Turnout or industrial clothing 
materials. 
 
Overall, seven of the eight Experimental fabrics (excluding Experimental fabric B2W1) 
obtained very good-to-excellent Tear Resistances in the fabric's warp and weft directions, 
exceeding the minimum Standard requirements of 20 N for AS 2919-1987 (Industrial 
clothing) and AS/NZS 4824:2006 (Wildland firefighting) respectively. Five of the eight 
Experimental fabrics obtained weft Tear Resistances above 25 N (AS/NZS 4967:2009, 
Structural firefighting), easily complying with all three Standard requirements. Experimental 
fabric B3W2 (41 N) obtained the highest weft tear resistance of the group. 
 
In contrast to its flame performance, the modified plain weave repeat unit cell, and alternating 
picking order of two different weft yarns of a fixed blend in Experimental fabric B3W1 (refer 
to Chapter 3.4.1, Figure 3.2), helped to improve the fabric's weft tear resistance as predicted. 
 
In general, Experimental fabric results ranged from 74-116 N for warp tearing force and 23-
41 N for weft tearing force, significantly outperforming the Commercial MCA fabric which 
failed to comply with all three minimum Tear Resistance Standard requirements.  
 
5.2.5 Tensile Strength  
The Tensile Strength as measured under AS 2001.2.3.1-2001 was used as the basic indicator 
of relative strength between all the fabrics. Table 5.7 summarises the tensile properties of the 
Commercial MCA fabric and the eight Experimental Station Wear fabrics in the warp and 
weft directions.  
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Table 5.7 Tensile Strength Summary - Means of Maximum Load (N) and Elongation at 
Maximum Load (%) in the warp and weft direction.  
No Fabric Weave Fabric 
weight 
(g/m
2
) 
Mean max. Load 
 
(N) 
Mean Elongation 
at max. Load 
(%) 
 
    Warp  Weft  Warp  Weft  
1 MCA Plain 166 660 540 26 17 
2 B1W1 Plain 137 1100 340 35 14 
3 B1W2 2/1Twill 145 1100 340 32 14 
4 B2W1 Plain 145 1100 190 33 38 
5 B2W2 2/1Twill 154 1100 210 32 40 
6 B3W1 Plain 140 1100 260 34 15 
7 B3W2 2/1Twill 149 1000 270 27.5 16 
8 C1W1 Plain 178 1000 310 39 25 
9 C1W2 2/1Twill 187 1000 340 32.5 26 
 
When tested in accordance with AS 2001.2.3.1-2001, the Commercial MCA fabric and the 
eight Experimental Station Wear fabrics all complied with AS/NZS 4824:2006 Tensile 
Strength requirements, all giving Warp breaking loads  ≥ 450 N. Figure 5.9 displays the Warp 
tensile 'failure' loads of all nine woven, single-layer Station Wear fabrics. 
 
 
Figure 5.9 Warp Tensile Failure Load Summary. 
 
Because all eight Experimental fabrics were woven using the common aramid warp yarn (i.e. 
Nomex®/Kevlar®/anti-static fibre blend), the warp Tensile Strength results were consistent, 
falling within similar limits (1000-1100 N), and easily exceeding minimum Standard 
requirements.   
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When compared with the tensile strength results obtained for the Experimental fabrics, the 
Commercial MCA fabric's warp tensile strength is significantly lower. However, the use of a 
Nomex®/Lenzing FR® intimate blend yarn in the Commercial fabric's warp and weft 
directions, resulted in similar tensions being applied during break and more consistent tensile 
strength results overall. Consequently, the Commercial MCA fabric was the only fabric of the 
nine samples that complied with minimum Standard requirements in both fabric directions.  
 
Performance contrasts between the Commercial and Experimental fabrics mean warp 
maximum loads were mainly due to fibre type, yarn blend, and to a lesser extent, weave 
structure and sett, since fabrics were woven with similar end densities. Thus, fabric cover was 
generally higher in the Commercial and Experimental fabric's warp direction, allowing more 
warp yarns per centimeter to take load before breaking. 
 
Since the Commercial MCA fabric and the Experimental fabrics warp yarns predominantly 
contained Nomex® fibres, tearing generally occurred in one of two ways when load was 
applied, and the specimen extended to breaking point:  
1. Tearing from the outer edges of the fringed test specimen, then inwards towards the 
middle, or  
2. Random failure of warp yarns throughout the middle of the test specimen, before 
tearing across the width of the test specimen.  
 
Fabrics containing high-tenacity aramid fibres such as Nomex® are susceptible to clamping 
problems because gripping forces need to be high due to the fibre's low surface friction 
(Saville 1999). In testing Experimental B2W2 fabric's warp tensile strength, some specimens 
experienced slippage or premature breaks near the jaw line when tension was being applied, 
causing irregular tearing patterns that effectively reduced the measured strength of the textile 
material. As a result, those test results were discarded and the fabric's additional replicates 
used to retest the warp tensile strength and obtain five acceptable breaks. This was achieved 
by altering replicate length dimensions to accommodate stronger jaw packing materials.  
 
It was found that the type of fibre and yarn used in the Commercial and the Experimental 
fabric's warp direction had a greater influence on tensile strength, rather than the weave 
structure itself, despite a higher number of interlacing points resulting in higher friction 
between yarns in plain-woven fabrics. Thus, tensile strength differences in the same weave 
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structure depend largely on the yarns used in the weft direction. The different fibre contents 
and strengths of the three Experimental weft yarns compared to the common aramid warp 
yarn, significantly altered weft breaking force values.  
 
When tested in accordance with AS 2001.2.3.1-2001, all eight Experimental Station Wear 
fabrics' Weft breaking forces (≥ 450 N) failed to comply with the minimum AS/NZS 
4824:2006 requirements for primary outer-shell (Turnout) materials. Figure 5.10 displays the 
Weft tensile 'failure' loads of all nine woven, single-layer Station Wear fabrics. 
 
 
Figure 5.10 Weft Tensile Failure Load Summary. 
 
In contrast to previous fabric tear resistance results, the Commercial MCA fabric's weft 
tensile strength complied with minimum Standard requirements, whereas the Experimental 
fabrics did not.  
 
Differences between the Commercial MCA fabric and the Experimental fabric's tensile 
strengths, may therefore be related back to the tensile properties of the Experimental fabrics' 
yarns, seen in Table 5.8. Each yarn package was conditioned and prepared according to AS 
2001.1-1995, with Elongation at break (%), Breaking force (cN), and Tenacity (cN/tex) 
calculated from the mean of 30 test specimens in accordance with AS 2001.2.7-1987.   
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Table 5.8 Tensile properties (breaking force, breaking elongation and breaking tenacity) of 
yarns used in Experimental fabrics.  
No. Direction Yarn 
 
 
Blend 
ratio 
 
 
(%) 
Tensile 
Strength: 
Breaking 
Force 
(cN) 
Elongation 
at break 
 
 
(%) 
Tensile 
Strength: 
Tenacity  
 
(cN/tex) 
1 Common 
Warp yarn* 
Nomex®/Kevlar®/
anti-static fibre 
93/5/2 896 21.7 27.3 
2 Weft yarn FR Viscose/ 
Nomex® blend 
53/47 676 10.7 22.5 
3 Weft yarn Superfine Merino 
(non-shrink-proof 
treated, 18 μm) 
100 365 21.0 12.2 
4 Weft yarn Merino  
(shrink-proof 
treated, 20.5 μm) 
100 755 16.8 11.6 
* The data for the common warp yarn was provided by Bruck 
 
The Superfine merino weft yarn provided a considerably lower breaking force (cN). 
Therefore, Experimental fabrics containing only the Superfine merino weft yarn in the weave 
picking order, produced the lowest weft tensile strengths of the group (i.e. B2W1 = 190 N and 
B2W2 = 210 N respectively).  
 
Although weaker by comparison, Experimental fabric's B2W1 and B2W2 generally had 
greater stretch properties that should translate to better wear comfort in terms of woven fabric 
conformity and range of movement. This was seen from the higher elongation percentages in 
yarn form (Table 5.8) (i.e. common warp yarn = 21.7% and Superfine merino weft yarn = 
21%), and in fabric form (Table 5.7) (i.e. B2W1 warp elongation = 33% and weft elongation 
= 38%, B2W2 warp elongation = 32% and weft elongation = 40%).  
 
Differences in weft tensile strength performance between Experimental fabrics B2W1 and 
B2W2, and B3W1 and B3W2, relate back to weft yarn fibre content and construction. Despite 
their specialised weave sett and picking order (refer to Chapter 3.4.1, Figure 3.2 and Chapter 
3.4.2, Figure 3.3), Experimental fabrics B3W1 (260 N) and B3W2 (270 N) produced weft 
Tensile Strengths below the minimum Standard requirements for Turnout, with the Superfine 
merino weft yarn being the major contributor to earlier weft failure loads. When compared to 
Experimental B2 fabric blends, an improvement was made using two different weft yarn 
insertions (i.e. 53/47 FR Viscose/Nomex® intimate blend and Superfine merino) instead of 
the Superfine merino weft yarn alone, without increasing the fabric's final weight.  
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Overall, the weft tensile strength values of the Commercial MCA fabric and Experimental 
fabrics varied, depending on fibre choice, and intimate yarn blends which can improve the 
mechanical performance properties of woven, single-layer Station Wear fabrics. Thus, 
Experimental fabric's utilizing the intimately-blended FR Viscose/Nomex® weft yarn (i.e. 
B1W1, B1W2, B3W1 and B3W2) obtained higher weft tensile strengths despite lighter fabric 
weights. Of the eight Experimental samples, B1W1 and B1W2 fabrics had the highest 
Nomex® fabric blend ratio, thereby obtaining the highest weft breaking loads (340 N 
respectably) of the group.  
 
The low-load tensile behaviour of Experimental fabrics was also influenced by the ease of 
crimp removal (by yarn-pull) and the load-extension properties of the yarns themselves.When 
load is applied and a fabric extended to breaking point, crimp interchange initially occurs with 
the load applied affecting the yarns more than the fabric's weave structure.  
 
Although it was observed that Experimental samples woven into a 2/1 twill weave design 
performed slightly better than Experimental fabrics woven in a plain weave of the same fabric 
blend, yarn strength was more the determining factor in overall fabric tensile strength. 
However, Experimental C1W1 and C1W2 fabrics' heavier fabric weights (i.e. 178 g/m
2
 and 
187 g/m
2 
respectively) created higher shear traction between yarn-yarn contact points in the 
weave structure (Pan 1996, p. 318). As a result, the fabric's weft tensile strength increased. 
 
Taking into consideration that minimum Tensile Strength requirements are based on outer-
shell materials (i.e. Turnout), Experimental fabric's woven in light-weight alternatives 
exceeded minimum warp Tensile Strengths compared to the values obtained by the 
Commercial MCA fabric, and averaged two-thirds of the required weft Tensile Strength for 
Wildland firefighting Turnout materials according to AS/NZS 4824:2006.  
 
5.2.6 Initial UV experiment: Commercial MCA fabric 
Having a direct implication on the service life of protective clothing materials, the possible 
degradative effects of irradiating the fabric with UV are relevant to the protective and 
performance properties of firefighting Station Wear fabrics. This is especially so for those 
fabrics containing aramid fibres (e.g. meta-aramid, Nomex® and para-aramid, Kevlar®), 
which are prone to degradation after UV light exposure.  
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Despite their high-strength and inherent flame-resistant properties, the durability of aramid 
fibres is cause for concern since the polymer has an unsaturated aromatic ring structure that is 
more susceptible to absorbing ultraviolet light energy. Ultraviolet (UV) degradation occurs 
when absorbed energy breaks the chemical bonds of the polymer, causing subsequent 
chemical transformations (DuPont 2001; Song 2011, p. 23; Tincher, Carter & Gentry 1977, p. 
4). When the polymer is not stabilised, actinic degradation (i.e. yellowing, loss in tensile 
strength and brittleness) may result in mechanical strength loss, thus compromising the 
protective functions of Station Wear fabrics that utilise them (Day & Wiles 1974). 
 
To assess the mechanical behaviour properties of woven, single-layer, heat-resistant Station 
Wear fabrics, a sample of the Commercial Master Control A (MCA) fabric was initially 
exposed due to the limited availability of Experimental fabric lengths, to evaluate the fabrics 
irradiated tensile strength loss and confirm grounds for further investigation. The two best-
candidate Experimental fabrics from Limited Flame Spread Standard compliance, B1W2 and 
B3W2 advanced to Stage Two Testing, where they along with the Commercial MCA fabric 
were irradiated and evaluated for loss in strength and flame performance. 
 
Using a 500 W Mercury Tungsten Filament, Internally Phosphor-Coated (MBTF) lamp as 
specified in Australian Standard AS 2001.4.21-2006 to simulate daylight, the Commercial 
MCA fabric was exposed continuously for 336 hours, or 14 days (approximately equating to 
one seasonal summer). Since no colour-fastness rating was required, exposure was carried on 
the Commercial MCA fabric (i.e. the conditions previously outlined in Chapter 4.4.9), then 
returned to the researcher to assess fabric degradation properties in terms of tensile strength 
loss.  
 
Determination of the tensile breaking force (N) and elongation (%) of the irradiated fabric's 
warp and weft direction was carried out according to AS 2001.2.3.1-2001, using the Instron 
Tensile Strength Tester Model 5565A and BlueHill data acquisition software. Test parameters 
included 2 N of pretension, at a rate of extension of 100 mm/min. The gauge length was set to 
200 mm ± 1 mm.  
 
Visual inspection of the irradiated Commercial MCA fabric prior to testing revealed signs of 
degradation (e.g. faded appearance) after being exposed to the MBTF light source. 
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Performance comparisons between the fabric's original tensile strength values, and those 
taken after UV exposure are presented in Table 5.9. 
 
Table 5.9 Commercial MCA fabric Tensile Strength (N) loss: pre- and post-irradiated values. 
Fabric Direction Original 
value: 
Mean max. 
Load 
 
 
(N) 
Irradiated 
value: 
Mean max. 
Load 
 
 
(N) 
Total 
loss in 
strength 
 
 
 
(%) 
Original 
Mean 
Elongation 
at max. 
Load 
 
(%) 
Irradiated 
Mean 
Elongation 
at max. 
Load 
 
(%) 
Total loss 
in 
Elongation 
 
 
 
(%) 
MCA Warp 660 480 27.3 26 20 23 
Weft 540 420 22.2 17 14 17.6 
 
A significant loss in the mechanical strength properties of the irradiated Commercial MCA 
fabric may be seen in the warp and weft tensile breaking force (N) and elongation (%). Since 
the same Nomex®/Lenzing FR® intimate yarn blend was used in the fabrics warp and weft 
directions, the Commercial MCA fabric's plain weave structure and sett (i.e. a higher end to 
pick destiny) accounted for the larger percentage of UV degradation in the fabrics warp 
direction. Thus, longer lengths of the warp yarn were available to be weakened by UV 
radiation.  
 
Post exposure analysis also revealed the fabric's failure to comply with AS/NZS 4824:2006 
minimum Standard requirements (450 N) in the weft direction (see Figure 5.11), thus 
weakening the Commercial MCA fabric's overall strength performance properties.  
 
 
Figure 5.11 Pre- and post-irradiated MCA fabric Tensile Failure Load (N) Summary and 
Standard compliance. 
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Similar studies carried out by DuPont™ analysing the effects of UV degradation on meta-
aramid (Nomex®) yarns and fabrics using a xenon arc light in a Weather-Ometer, revealed a 
significant decrease in yarn (i.e. 200 denier Type 430 Nomex® yarn) and fabric (i.e. Nomex® 
III fabric) strength after 80 hours exposure. As a result, the Nomex® yarn retained only 55% 
of its original strength, the Nomex® III fabric performing slightly better by retaining half of 
its original strength (DuPont 2001, p. 18). This may be attributed to Nomex® absorbing its 
maximum energy at the high end of the UV spectrum (approximately 360 nm), where the 
relative UV intensity in light sources are greatest (Brown & Browne 1976; DuPont 2001, p. 
18; Tincher, Carter & Gentry 1977). 
 
After reviewing the significant tensile strength loss from the irradiated Commercial MCA 
fabric, it was determined that the mechanical properties of protective Station Wear fabrics 
containing UV-sensitive aramid yarns had become compromised, once exposed to a source of 
artificial light, in this case, an MBTF 500 W lamp designed to simulate daylight on a 
laboratory scale.   
 
The prediction was that fabrics containing higher percentages of Nomex® in their blend ratio, 
especially Experimental fabrics B1W2 and B3W2, were likely to exhibit higher levels of 
degradation. In addition to fibre content, differences in weave structure (i.e. plain and 2/1 
twill), and fabric weight were expected to influence the irradiated fabric's flame performance. 
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5.3 Stage Two Testing on the best-candidate fabrics  
5.3.1 Introduction  
Any recommendation for further testing would suggest an investigation into whether a fabric's 
flame-protective performance properties would be compromised once irradiated, as well as 
the mechanical performance properties.  
 
Three of the nine woven, single-layer, heat-resistant Station Wear fabrics were identified to 
progress to Stage Two Testing, and further UV experimental testing to evaluate the Limited 
Flame Spread performance (ISO 15025:2000) and Tearing Resistance (AS 2001.2.10-1986) 
after artificial light (MBTF) exposure. Selection was based on initial (Stage One) Limited 
Flame Spread results and Standard thermal compliance with AS/NZS 4824:2006: 
1. The Commercial Master Control A (MCA) fabric; 
2. Experimental fabric B1W2, and 
3. Experimental fabric B3W2.  
 
Stage Two Testing started with an evaluation of the un-irradiated Convective Heat Resistance 
(CHR) properties of the three best-candidate fabrics, followed by an assessment of the un-
irradiated liquid moisture transfer properties of fabrics using the Moisture Management Tester 
(MMT) apparatus.  
 
For consistency, Tear Resistance (AS 2001.2.10-1986 Wing-Rip) replaced Tensile Strength 
test methods to evaluate the fabric's irradiated mechanical performance properties, due to the 
limited available lengths of the irradiated fabrics. The irradiated Tear Resistance and 
irradiated Limited Flame Spread performance properties of the three best-candidate Station 
Wear fabrics were then evaluated and compared with pre-exposure results, to help determine 
the potential lifetime of fabrics. 
 
Since the initial experimental Tensile Strength results from the irradiated Commercial MCA 
fabric indicated proof of degradation within the selected exposure time frame (i.e. 336 h), 
experimental exposure conditions were maintained for the two Experimental fabrics.  
 
The fibre content and blend ratio of all three best-candidate woven, single-layer, heat-resistant 
Station Wear fabrics are described in Table 5.10. 
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Table 5.10 Fibre content percentage of the Commercial and the Experimental fabrics yarns. 
 Commercial 
fabric warp 
and weft yarn 
Common aramid blend warp yarn 
for Experimental fabrics 
Alternating 
Experimental fabric 
weft yarns  
 
Fabric  Nomex®/ 
Lenzing FR® 
intimate blend 
 
 
(%) 
Nomex®  
meta-
aramid  
 
 
(%) 
Kevlar® 
para-
aramid  
 
 
(%) 
Static 
dissipative 
fibre 
 
 
(%) 
FR Viscose/ 
Nomex® 
intimate 
blend 
 
(%) 
Superfine 
merino  
 
 
 
(%) 
MCA 50/50 - - - - - 
B1W2 - 93 5 2 53/47 - 
B3W2 - 93 5 2 53/47 100 
 
5.3.2 Convective Heat Resistance (CHR) 
The purpose of testing the three best-performing Station Wear fabrics for Convective Heat 
Resistance (CHR), was to ensure that materials could not stick to the wearer's skin or 
underclothing during high heat or flame exposure.  
 
Station Wear fabrics with a thermal shrinkage greater than five percent may contribute to burn 
injury severity by means of increased heat transfer, restricting body movement, or breaking-
open due to dimensional changes (i.e. contraction), phase changes (i.e. reaching melting or 
boiling points), chemical changes (i.e. oxidation, ignition, decomposition) and physical 
changes (i.e. drying or colour change) of the material itself (AS/NZS 4824:2006; NFPA 
1975:2009). 
 
Pre-treatment, sampling and testing procedures previously outlined in Chapter 4.4.4, were 
carried out according to ISO 17493:2000, with minimum Standard compliance with AS/NZS 
4824:2006 requirements (i.e. no ignition, hole formation, melting, dripping or separation of 
the specimen allowed, with any evidence of these behaviours in any one direction constituting 
a failing performance of the entire sample).  
 
Table 5.11 displays the heat shrinkage of the Commercial MCA fabric and Experimental 
fabrics B1W2 and B3W2. The negative length (Warp) and negative width (Weft) percentages 
shown, denote how much each fabric has shrunk before, and after washing pre-treatment. 
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Table 5.11 The Commercial and the Experimental fabrics' heat shrinkage at 180°C before and 
after washing pre-treatment.  
No. Fabric Washing  
pre-treatment 
Length 
Shrinkage 
 
(%) 
Width 
Shrinkage 
 
(%) 
Standard 
Compliance 
(AS/NZS 4824: 
2006 Clause 6.3) 
 
1 MCA Before - 0.5 - 0.5 Pass 
MCA After  - 1.5 - 1.0 Pass  
2 B1W2 Before - 0.5 - 0.5 Pass  
B1W2 After - 0.5 - 1.0 Pass  
3 B3W2 Before - 0.5 - 1.0 Pass  
 
When tested in accordance with ISO 17493:2000, the results for all three woven, single-layer 
Station Wear fabrics indicated minimal shrinkage in the warp and weft directions before 
washing pre-treatment (ranging from 0.5-1.0%), easily complying with Standard requirements.  
 
Similarly, the results obtained from laundered samples displayed minimal shrinkage in the 
fabrics' warp and weft directions (ranging from 0.5-1.5%), with the Commercial MCA fabric 
experiencing a higher incidence of warp shrinkage compared with Experimental fabric B1W2. 
This may be due to the Commercial MCA fabric's intimate yarn blend, containing shorter 
staple lengths of the Lenzing FR® (Viscose) fibre blended with the Nomex®, compared with 
the common aramid warp yarn used in Experimental fabrics. 
 
From the point of view of heat shrinkage and overall thermal stability, both the Commercial 
MCA fabric and Experimental fabric B1W2 are suitable for use in firefighting Station Wear 
applications, since they would not contribute to further burn injury severity. Thus, in spite of 
its lighter fabric weight, Experimental fabric B1W2 (145 g/m
2
) outperforms the Commercial 
MCA fabric (166 g/m
2
) after washing pre-treatment.  
 
In general, Nomex® has relatively high thermal stability making their fabricated forms 
desirable for use in protective clothing. They outperform FR-treated natural fibres (e.g. 
cotton, viscose) that are typically blended with thermoplastic fibres which can ignite, burn 
and melt onto the wearer’s skin. 
 
The results for the Convective Heat Resistance (CHR) of Experimental fabric B3W2 
originated from unwashed sample test data only, because unforeseen shrinkage occurred in 
the washing pre-treatment. The addition of the non-shrink-proofed, Superfine merino weft 
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yarn to the weave structure and picking order of Experimental fabric B3W2, differentiated 
this fabric from Experimental fabric B1W2. Shrink-proofed merino was preferred, however 
the micron and yarn count desired was not obtainable at the time. Therefore, it is possible that 
the Superfine merino weft yarn caused undesirable shrinkage due to normal felting. Limited 
sample lengths prevented the fabric being retested for CHR after washing pre-treatment.   
 
Consequently, the CHR of Experimental fabric B3W2 did not comply with Standard 
requirements, even though the fabric passed initial test requirements before the washing pre-
treatment. Overall, the Commercial MCA fabric and Experimental fabric B1W2 proved to be 
thermally stable by complying with Standard requirements, with no evidence of ignition, 
melting, dripping, separation, or hole formation occurring during exposure to high 
temperatures (180 ± 5°C), before and after the washing pre-treatment. 
 
5.3.3 Moisture Management Tester (MMT) 
Modern-day firefighting protective clothing demands superior functional performance, as well 
as comfort to suit dynamic wear conditions. Via a multistep process, effective moisture 
management involves wicking excess moisture away from the skin and into the textile 
substrate, as well as moving moisture to the outermost surface layer of the fabric, where it can 
be evaporated. Although newer test methods such as the Moisture Management Tester 
(MMT) are not included in current Australian/New Zealand Firefighting PPC Standards, the 
behaviour of fabric-fibres and yarns with regard to liquid moisture transport, absorption, and 
spreading characteristics, were investigated to further evaluate the thermo-physiological 
comfort properties of the three best-performing woven, single-layer, heat-resistant Station 
Wear fabrics. 
 
Fabric testing was carried out on the SDL Atlas Moisture Management Tester (MMT), in 
accordance with AATCC Test Method 195-2009. According to the multi-measurement 
indices previously outlined in Chapter 4.4.8, the liquid moisture management properties of the 
Commercial Master Control A (MCA) fabric and Experimental fabrics B1W2 and B3W2, are 
given in Table 5.12.  
 
As an accepted Turnout fabric, but not meant for Station Wear applications, an additional 
fabric, Melba Fortress®, was used as a comparative fabric but only for MMT testing only. 
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This was done to evaluate the two extremes of protection on a fabric’s liquid moisture transfer 
properties.   
 
Table 5.12 MMT Value results for the two Commercial and the two Experimental fabrics.  
Fabric WTt 
(sec) 
WTb 
(sec) 
ARt 
(%/ 
sec) 
ARb 
(%/ 
sec) 
MWRt 
(mm) 
MWRb 
(mm) 
SSt 
(mm/ 
sec) 
SSb 
(mm/ 
sec) 
R 
(%) 
OM
MC 
Melba 
Fortress® 
Mean 7.3 120 375 0 5 0 0.7 0 -837 0 
SD 0.3 0 38.5 0 0 0 0.02 0 48.7 0 
Commercial 
MCA 
 
Mean 7.6 7.3 36.6 49.3 24 25 2.7 2.8 123 0.45 
SD 1.4 1.4 13.4 10.1 2.2 0 0.5 0.4 17.6 0.05 
B1W2 Mean 6.3 3.8 69.4 65.6 25 28 3.7 5.8 241 0.73 
SD 0.6 0.6 5.5 2.7 0 2.7 0.5 0.7 14.8 0.01 
B3W2 Mean 11.4 5.0 9.3 103 20 24 1.2 1.8 838 0.78 
SD 6.1 1.2 1.2 42.6 3.5 2.2 0.2 0.1 79.6 0.02 
 
For ease of interpretation, Value results have been converted into Grades, ranging from 1 to 5 
(i.e. poor to excellent) as shown in Table 5.13. 
 
Table 5.13 MMT Grading results of the Commercial and the Experimental fabrics. 
Fabric WTt  
1-5 
WTb  
1-5 
ARt 
1-5 
ARb  
1-5 
MWRt  
1-5 
MWRb  
1-5 
SSt 
1-5 
SSb  
1-5 
R 
1-5 
OMMC 
1-5 
Melba 
Fortress®  
3.5 1 5 1 1 1 1 1 1 1 
Commercial 
MCA 
3.5 3.5 2.5 3.5 5 5 3 3 3 2.5 
B1W2 3.5 4 4 4 5 5 4 5 3.5 4 
B3W2 3 3.5 1 5 4 5 1.5 2.5 5 4.5 
 
In addition to multi-measurement indices expressed as Values and Grades, separate diagrams 
for each fabric's test specimens were created to represent the different behaviour of the 
sodium chloride test solution using Water Content versus Time (WCT) and Water Location 
versus Time (WLT) profiles. In WCT diagrams, the sample's bottom surface (outer, next to 
environment) is represented by a blue line, and the top surface (inner, next to skin) is 
represented by a green line. A Fingerprint (FP) analysis of all five test specimens was 
generated to classify the moisture management properties of the fabric (Yao et al. 2006).  
 
The comparative Commercial Turnout fabric, Melba Fortress®, was initially tested to 
establish a baseline for the moisture management properties of protective fabrics containing 
high percentages of aramid fibres (i.e. the Melba Fortress® fabric and the Experimental 
fabrics that used a common aramid warp yarn containing the same 93% Nomex®, 5% 
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Kevlar®, 2% anti-static fibre blend). Comparisons between wetting times, absorption rates 
and characteristics of Nomex® and Nomex® blended fabrics could then be made accordingly. 
 
The commercial Melba Fortress® fabric revealed poor liquid moisture management 
properties, with a low wetted radius (Grade 1), and very slow (Grade 1) spreading rate 
(MWRb = 0 mm and SSb = 0 mm/sec respectively) on the bottom surface. The fabric also 
showed a negative Accumulative One-Way Transport ability (R = -837%), indicative of high 
absorption properties on the top surface compared with the bottom surface of the fabric (ARt 
= 375%/sec and ARb = 0%/sec) (Figure 5.12 and Figure 5.13). 
 
 
Figure 5.12 Fabric Moisture Transport, Water Content vs. Time: Melba Fortress®. 
 
    
Figure 5.13 Fabric Moisture Transport, Water Location vs. Time: Melba Fortress®.  
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These results suggested that liquid sweat would accumulate on the inner surface of the fabric 
(next to the skin), thereby restricting movement of liquid moisture through to the outer 
surface of the fabric where it could be evaporated. As a result of liquid sweat remaining near 
the skin's surface, thermo-physiological and sensorial comfort properties were significantly 
reduced, leading to wearer discomfort and the increased possibility of steam burns because 
the moisture had nowhere to dissipate.  
 
Therefore, the Overall Moisture Management Capability (OMMC = 0) was poor (Grade 1) 
(Figure 5.14), consequently designating the fabric as being 'water-proof'. The key properties 
of water-proof fabrics are slow-to-very slow absorption, slow spreading, no one-way 
transport, and no penetration. Considering the material's high Nomex® blend ratio and 
intended end use in the outermost protective clothing layer (i.e. Turnout rather than Station 
Wear), the fabric classification given to the Melba Fortress® fabric is accurate because 
garments made from such fabrics are typically accompanied by inbuilt, breathable, moisture 
barriers to absorb excess internal moisture. 
 
 
Figure 5.14 Fingerprint moisture management properties: Melba Fortress®. 
 
However, in Wildland Turnout, where internal moisture barriers are sometimes removed to 
help alleviate thermal stress, moisture is more likely to accumulate within mid-protective 
clothing layers (i.e. Station Wear). A similar problem exists for volunteer firefighters. Sweat 
accumulation is further exacerbated by fabrics with low moisture permeability and 
breathability, as sufficient perspiration is unable to be passed between clothing layers. Thus, 
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those fabrics which effectively wick moisture away from the skin are generally perceived as 
more comfortable (Wickwire et al. 2007 cited in Bishop 2008, p. 239).  
 
 
The Commercial MCA fabric had a good (Grade 3) Accumulative One-Way Transport ability 
(R = 123%), a fair-to-good (Grade 2.5) Overall Moisture Management Capability (OMMC = 
0.45), a very large (Grade 5) wetted radii (MWRt = 24 mm and MWRb = 25 mm), and 
medium (Grade 3) spreading rates on the top and bottom surfaces (SSt = 2.7 mm/sec and SSb 
= 2.8 mm/sec) of the fabric. Additionally, this fabric displayed good absorption properties on 
the top and bottom surfaces (ARt = 36.6%/sec and ARb = 49.3%/sec). This indicated that 
liquid sweat would absorb quickly, by pulling moisture away from the skin's surface and into 
the fabric substrate, resulting in large wetted areas that would allow the fabric to dry quickly. 
 
The Fingerprint (FP) of moisture management properties classified replicates 1 and 5 as a 
'moisture management fabric', whereas replicates 2, 3 and 4 were classified as 'fast absorbing 
and quick drying'. The key properties of moisture management fabrics are medium-to-fast 
wetting and absorption, large spread area on the bottom surface, fast spreading on the bottom 
surface, and good-to-excellent one-way transport.  
 
Thus, an evaluation of the Water Content versus Time curves (Figure 5.15), the distribution of 
liquid moisture in the Water Location versus Time profiles (Figure 5.16), the maximum 
wetted radii of the top and bottom fabric surfaces, and the OMMC across all five replicates 
was carried out. The results indicated that the Commercial MCA fabric's FP classification, 
should designate the fabric as 'fast absorbing and quick drying', rather than as a 'moisture 
management fabric' (Figure 5.17). The key properties of fast absorbing and quick drying 
fabrics are medium-to-fast wetting and absorption, large spreading area, fast spreading, and 
poor one-way transport. 
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Figure 5.15 Fabric Moisture Transport, Water Content vs. Time: Commercial MCA. 
 
 
Figure 5.16 Fabric Moisture Transport, Water Location vs. Time: Commercial MCA. 
 
 
Figure 5.17 Fingerprint moisture management properties: Commercial MCA. 
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Out of the four fabrics tested, Experimental fabric B1W2 had the second highest (Grade 4) 
liquid Overall Moisture Management Capability (OMMC = 0.73) and Accumulative One-
Way Transport ability (R = 241%/sec), including the largest wetted radius (MWRb = 28 mm) 
on the bottom surface. Typically, large wetted radii are a measure of comfort, allowing 
moisture to be evaporated from the fabric's surface. Therefore, the results indicated that liquid 
sweat could easily transfer from the top (inner) surface, to the bottom (outer) surface of the 
fabric, keeping the top surface and skin relatively dry (Figure 5.18). The wet-out radius 
difference between the two surfaces are shown in Figure 5.19. 
 
 
Figure 5.18 Fabric Moisture Transport, Water Location vs. Time: Experimental B1W2. 
 
 
Figure 5.19 Fabric Moisture Transport, Water Content vs. Time: Experimental B1W2. 
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In addition to the fast absorption rates (Grade 4) of both surfaces (ARt = 69.4%/sec and ARb 
= 65.6%/sec), this fabric had a very fast (Grade 5) spreading speed (SSb = 5.8 mm/sec) on the 
bottom surface, indicating that liquid could spread from the top to the bottom surface more 
quickly. From the above parameters and Grades, the FP of moisture management properties 
designated Experimental fabric B1W2 as a 'moisture management fabric' (Figure 5.20). 
 
 
Figure 5.20 Fingerprint moisture management properties: Experimental B1W2. 
 
 
As previously seen in Table 5.12 (where MMT Results were expressed as ‘Values’), 
Experimental fabric B3W2 (in Table 5.13) had the highest (Grade 4.5) liquid Overall 
Moisture Management Capability (OMMC = 0.78), and excellent (Grade 5) Accumulative 
One-Way Transport ability (R = 838%/sec), indicating that it could effectively wick and 
manage liquid moisture to improve wear comfort and keep skin dry.  
 
Varied wetting times between the top and bottom surfaces (WTt = 11.4 sec and WTb = 5.0 
sec), and a slow-to-medium (Grade 2.5) spreading rate (SSb = 1.8 mm/sec) on the bottom 
surface of the fabric, was most likely attributed to the warp and weft yarn properties, and their 
arrangement in the 2/1 twill weave structure. 
 
The very fast (Grade 5) absorption rate and very large (Grade 5) wetted radius on the bottom 
surface of Experimental fabric B3W2 (ARb = 103%/sec and MWRb = 24 mm respectively), 
showed that liquid sweat does not remain near the skin's surface, instead spreading quickly 
and transferring easily towards the outer surface of the fabric where it can dry (Figure 5.21 
 122 
 
and Figure 5.22). According to the above parameters and Grades, the Fingerprint of MMP 
designates Experimental fabric B3W2 as a 'moisture management fabric' (Figure 5.23). 
 
 
Figure 5.21 Fabric Moisture Transport, Water Content vs. Time: Experimental B3W2. 
 
 
Figure 5.22 Fabric Moisture Transport, Water Location vs. Time: Experimental B3W2. 
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Figure 5.23 Fingerprint moisture management properties: Experimental B3W2. 
 
The key properties of moisture management fabrics for Experimental fabrics B1W2 and 
B3W2 are medium-to-fast wetting and absorption, large spread area on the bottom surface, 
fast spreading on the bottom surface, and good-to-excellent one-way transport.  
 
Although both Experimental fabrics shared a common aramid warp yarn and 2/1 twill weave 
design, they differed in their weft yarns and insertions. Thus, in terms of Accumulative One-
Way Transport ability (R), Experimental fabric B3W2 outperformed Experimental fabric 
B1W2. 
 
A summary of the Fingerprint (FP) fabric classification for the liquid moisture management 
properties of the three best-candidate fabrics (i.e. Experimental fabrics B1W2 and B3W2, 
along with the Commercial Master Control A (MCA) fabric), and the comparative Melba 
Fortress® fabric, are given in Table 5.14.  
 
Table 5.14 Summary of MMT fabric classifications. 
Fabric  Weave Mass per 
unit area 
 
(g/m
2
) 
Fabric 
cover 
factor 
MMT Fabric 
Classification 
Melba Fortress ® 
(comparative outer-
shell fabric) 
2/1 Twill Weave, 
Rip Resist 
260 n/a Water-proof fabric 
Commercial MCA 
(Station Wear fabric) 
Plain Weave 165 0.77 Fast absorbing and 
quick drying fabric 
Experimental B1W2 2/1 Twill Weave 145 0.74 Moisture management 
fabric 
 124 
 
Experimental B3W2 2/1 Twill Weave 149 0.72 Moisture management 
fabric 
 
In an effort to improve thermo-physiological comfort during high levels of physical activity in 
warm environments, studies show that clothing comfort perceptions are linked to fabrics 
which allow liquid moisture to be transferred from the body to the environment, facilitating 
evaporative cooling and allowing skin temperatures to remain at favourable levels (Bishop 
2008; Fukazawa & Havenith 2009 cited in Bedek et al. 2011, p. 792; Hu 2005). The moisture 
absorbed and desorbed by fabric-fibres, and the degree of fabric-to-skin contact therefore play 
key roles in the overall thermal and sensory comfort of fabrics (Lawson, Prasad & Twilley 
2002, p. 12), as previously discussed in Chapter 2.3.3.  
 
In general, fabrics with restrictive moisture management properties (i.e. the comparative 
Melba Fortress® fabric) that contain high blend ratios of hydrophobic fibres like Nomex®, 
are unsuitable for use in Station Wear applications because they tend to exhibit poor moisture 
absorption and spreading properties, that result in low wetted areas. This restricts the path of 
liquid moisture entering into the fabric from the outer surface (the side facing the 
environment) which is advantageous in protecting the wearer from external fluids (e.g. fire 
hose water, chemicals, contaminants etc.), however if moisture accumulates from within (next 
to the skins surface), then the movement of liquid moisture is also limited from the inside to 
the outside.  
 
The implications of Station Wear fabrics having poor moisture management properties mean 
that there would be increased core body temperatures and heat stress, which can impair a 
firefighter's concentration and mental alertness. In addition to maintaining thermal 
equilibrium whilst wearing Personal Protective Clothing (PPC), transferring moisture which 
has condensed on the skin's surface before it has the opportunity to be heated by the external 
environment, becomes essential in preventing serious steam burns or scald injuries from 
occurring (Lawson, Prasad & Twilley 2002, p. 1). 
 
In comparison with the Melba Fortress® fabric, fabrics containing blends of Nomex® with 
other natural fibres, such as viscose or merino improve absorption, spreading, and liquid 
moisture transfer properties dramatically, thus permitting more effective liquid moisture 
management by fabric and fibres.  
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The natural absorbency properties of Lenzing FR® fibres, combined with the inherent fire-
resistance and strength properties of Nomex® in the Commercial MCA fabric's intimate yarn 
blend, allowed liquid moisture to be wicked from the inner skin layer into the fabric substrate 
without compromising strength. With the exception of the top absorption rate (ARt), more 
uniform liquid moisture transfer properties were observed across all MMT indices for the top 
and bottom surfaces, due to the intimate yarn blend used in the warp and weft.  
 
In contrast to the Commercial MCA fabrics plain weave structure, Experimental fabrics 
B1W2 and B3W2 were woven in a 2/1 twill weave to improve handle and sensorial comfort. 
This allowed more opportunity for capillary action, which was reflected in initial top surface 
wetting times of Control B1W2 (WTt = Grade 3.5) and Control B3W2 (WTt = Grade 3) 
fabrics.  
 
In terms of subjective perceptions of moisture sensations in sweating, including the sensation 
of feeling damp or clammy, Experimental fabric B3W2 Overall Moisture Management 
Capability (OMMC = Grade 4.5) outperformed the Experimental fabric B1W2 (OMMC = 
Grade 4) and the Commercial MCA fabric (OMMC = Grade 2.5), making it the most suitable 
fabric for firefighting Station Wear applications to help maintain thermal equilibrium in 
warmer climates (Figure 5.24). This may be attributed to the addition of the Superfine merino 
weft yarn to Experimental B3W2 fabric's weave sett and picking order, compared to the 
Commercial MCA fabric and Experimental B1W2 fabric using Nomex®/FR Viscose yarns 
alone. 
 
 
Figure 5.24 OMMC Grading for the two Commercial and the two Experimental fabrics. 
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It has been established that the protection offered by multilayered PPC and Turnout deters 
outside moisture from entering into the ensemble, but also poses the problem of trapping 
internally-generated moisture within the ensemble. Hence, achieving a balance between a 
fabric's fire protective, strength and comfort properties is very difficult. Nowadays, 
Firefighting PPC utilizes fabric blends to capitalize on the positive attributes of individual 
fibre properties, minimizing less attractive ones in an effort to make them more user-friendly 
and acceptable to the wearer. 
 
5.3.4 Degradation of best-candidate fabric properties due to artificial (MBTF) light 
exposure 
The durability of a fabric can affect its protection. Bajaj (2000) highlighted the importance of 
testing fabrics to ascertain suitability of fabric properties based on end use. The design of 
protective clothing materials should therefore reflect real-life working scenarios that consider 
the characterization of properties (e.g. thermal, mechanical and chemical resistance), as well 
as the aging behaviour of fabrics (Dolez & Vu-Khanh 2009). This directly relates to the 
service lifetime of protective materials, once they have been subjected to UV radiation as a 
result of harsh physical, or environmental conditions encountered during firefighting.  
 
Because aramid fibres are notoriously UV-sensitive, it was necessary to investigate whether 
woven, single-layer, heat-resistant Experimental Station Wear fabrics containing these fibres, 
would be affected in terms of their protective (Limited Flame Spread) and mechanical 
(Tearing Resistance) performance properties, once exposed to a source of UV radiation for a 
designated period of time.  
 
The percentage of strength loss observed during the Stage One exposure experiment on the 
Commercial MCA fabric, prompted further investigation of the two best-candidate fabrics 
selected based on their compliance with AS/NZS 4824:2006 and ISO 15025:2000 (A) 
Limited Flame Spread requirements. The following fabrics were exposed to UV radiation 
under prescribed conditions outlined in Chapter 4.4.9 using a 500 watt Mercury Tungsten 
Filament, Internally Phosphor-Coated (MBTF) lamp for a total duration of 336 hours, or 14 
days (i.e. equating to one seasonal summer):  
1. The Commercial Master Control A (MCA) fabric (Stage One and Stage Two Testing); 
2. Experimental fabric B1W2 (Stage Two Testing), and 
3. Experimental fabric B3W2 (Stage Two Testing). 
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The resulting changes in Tear Resistance, and Limited Flame Spread were measured 
according to following test methods: 
1. AS 2001.2.10-1986, Determination of the tear resistance of woven textile fabrics by 
the wing-rip method, and 
2. ISO 15025:2000 (E) Protective Clothing - Protection against heat and flame - Method 
of test for limited flame spread (Procedure A, Surface Ignition only). 
 
Although the performance of a fabric may be compromised before visual indicators are 
evident (Torvi & Hadjisophocleous 2000), all three irradiated fabrics were inspected for signs 
of visual degradation prior to testing (e.g. yellowing or dye shade variations, and changes in 
texture such as brittleness).  
 
Prolonged exposure to UV radiation caused yellowing of the undyed, lime-green Nomex® 
yarns in both Experimental fabrics B1W2 and B3W2, indicating that the high aramid blend 
ratio in the warp direction, had clearly been affected by UV exposure. Similarly, fading of the 
dyed Commercial MCA fabric was observed after just 14 days exposure, changing the fabric's 
colour from the original navy-blue to a dull grey-blue. No dust or residue resulting from fibre 
degradation was present during test specimen preparation, however less resistance to cutting 
across the high-strength aramid warp yarns was observed in each irradiated fabric's weft 
direction.  
 
5.3.5 Irradiated Tear Resistance  
The irradiated Tear Resistance experiment was performed with data analysis as described in 
AS 2001.2.10:1986, using the Instron instrument fitted with appropriate grips in a conditioned 
atmosphere (20 ± 2°C, 65 ± 2% RH). Due to limited irradiated sample lengths, only two test 
replicates per fabric direction could be tested, with the mean tearing force calculated from the 
five-highest-peaks of the load-extension curves. 
 
The total percentage loss in tearing force for the Commercial MCA fabric, and Experimental 
fabrics B1W2 and B3W2 were calculated according to the below equation: 
 
                  
                                                       
                           
     
(5.1) 
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The Commercial and Experimental fabric's irradiated tearing force is shown in Table 5.15.  
 
Table 5.15 Strength loss (%) in Tearing force (N): pre- and post-irradiated fabric values. 
No. Fabric Direction Original 
Mean 
Tearing 
force  
 
(N) 
Irradiated  
Mean 
Tearing 
force  
 
(N) 
Strength 
loss  
 
 
 
(%) 
Cloth 
cover 
factor 
Mass 
per unit 
area  
 
 
(g/m
2
) 
1 MCA Warp 20 11 45 0.77 
 
166 
 Weft 19 8 58 
2 B1W2 Warp 82 11 87 0.74 
 
145 
 Weft 32 9 72 
3 B3W2 Warp 90 10 89 0.72 
 
149 
 Weft 41 11 73 
 
As a result of UV degradation, the three best-candidate fabrics all failed to comply with 
minimum tearing force (i.e. 20 N) Standard requirements for both the warp (Figure 5.25) and 
weft (Figure 5.26) directions. Prior to UV exposure, the original warp and weft tearing force 
values of Experimental fabrics B1W2 and B3W2 were superior to the Commercial MCA 
fabric, which had previously failed to meet minimum Standard requirements in the fabric's 
weft direction only. However once exposed to UV radiation, the degradation that occurred in 
all three fabrics produced similar results in terms of the warp and weft failure loads, despite 
difference in weave structure. 
 
 
Figure 5.25 Pre- and post-irradiated Mean Warp Tearing Force (N) Summary and Standard 
compliance. 
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Figure 5.26 Pre- and post-irradiated Mean Weft Tearing Force (N) Summary and Standard 
compliance. 
 
Depending on the fabric blend ratio, the warp and weft yarns in each irradiated fabric showed 
different susceptibility to radiation-induced strength loss. Fabrics containing higher 
percentages of Nomex®, generally experienced higher rates of degradation due to molecular 
chain-scission reactions that break the −CO−NH− bonds along the fibre's backbone (Brown et 
al. 1983 cited in Song 2011, p. 25; Carlsson et al. 1978b cited in Song 2011, p. 50). 
 
Furthermore, differences exist in the UV-absorbing properties of fibres in dyed and undyed 
fabrics. Since some dyes have an absorption spectrum extending into the UV region, 
Gambichler (2011) suggests that fabric colour may also influence a fabric's Ultraviolet 
Protection Factor (UPF), delaying the absorption and break of the underlying fabric-fibres 
(Gambichler 2011, p. 53).   
 
Thus, in addition to the plain weave structure, an increased fabric weight (g/m
2
) and higher 
fabric cover factor, may have assisted the irradiated, dyed Commercial MCA fabric in 
retaining more of its original tear resistance value (i.e. retained warp tear = 55%, retained weft 
tear = 42%), compared to the two undyed Experimental fabrics, which suffered greater forms 
of degradation (i.e. B1W2 retained warp = 13%, retained weft = 28%, and Experimental 
fabric B3W2 retained warp = 11%, retained weft = 27%). Therefore, the degree of 
degradation that occurred may have been influenced by chemical finishing (e.g. dyeing) or the 
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lack there-of, affecting tearing strength by altering structural properties such as yarn strength, 
spacing and ease of slippage in the weave structure (Nazaré et al. 2012).  
 
5.3.6 Irradiated Limited Flame Spread 
The Limited Flame Spread experiment was performed on the irradiated fabrics using the 
Shirley Flammability Tester under controlled laboratory conditions (i.e. 20.2°C and 54% RH). 
Testing was carried out in accordance with ISO 15025:2000 (Procedure A, Surface ignition), 
the results interpreted according to thermal requirements outlined in AS/NZS 4824:2006.  
 
The purpose of this experiment was to determine whether the flame spread characteristics of 
fabrics containing UV-sensitive aramid yarns, especially Nomex®, would be compromised 
once samples had been exposed to a source of artificial (MBTF) light for the specified period 
of time. The Limited Flame Spread of the Commercial MCA fabric and Experimental fabrics 
B1W2 and B3W2, is shown in Table 5.16. Due to limited irradiated sample lengths, two warp 
replicates and one weft replicate per fabric were used to evaluate each fabric's irradiated 
Limited Flame Spread performance. 
 
Table 5.16 Limited Flame Spread Summary: pre- and post-irradiated fabric values. 
No. Fabric Weave 
structure 
Direction Holes  
 
Standard 
Compliance 
(AS/NZS 
4824:2006) 
 
1 MCA: original 
 
plain Mean warp 
Mean weft 
No 
No 
Pass   
MCA: irradiated Mean warp 
Mean weft 
No 
No 
Pass  
2 B1W2: original 
 
2/1 twill Mean warp 
Mean weft 
No 
No 
Pass  
B1W2: irradiated Mean warp 
Mean weft 
Yes 
No 
Fail 
3 B3W2: original 
 
2/1 twill Mean warp 
Mean weft 
No 
No 
Pass  
B3W2: irradiated Mean warp 
Mean weft 
Yes 
No 
Fail 
 
The irradiated burning behaviours of all three woven, single-layer Station Wear fabrics 
resembled Stage One Limited Flame Spread testing, resisting ignition and flame spread by 
producing a small char once the 10 second igniting flame had been removed from the test 
specimen. Although minimal smoke emission was observed during the flame application 
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time, there was no evidence of flaming to the top or either side edge of any test specimen, nor 
was there evidence of the occurrence of molten/flaming debris, after-flame or afterglow.  
 
Given that thermal compliance is based on the whole fabric, and not any one test direction, 
the reason that the two Experimental fabrics B1W2 (Figure 5.27 (a) & (c)) and B3W2 (Figure 
5.27 (b) & (d)) failed to comply with the Standard was because of several, tiny holes forming 
in the fabric's warp char structure. Thus, even though the weft yarns in each Experimental 
fabric contained Nomex®, the common aramid UV-sensitive warp yarn was identified as the 
consistent failure point in the irradiated samples. Since the common warp yarns in the 
Experimental fabric's 2/1 twill weave structure were more exposed, the weft yarns could have 
been shielded from the full effects of UV. 
 
   
(a)     (b) 
   
(c)      (d) 
Figure 5.27 Formation of tiny holes in the irradiated warp of Experimental fabrics: 
(a) B1W2 warp specimen; (b) B3W2 warp specimen; (c) B1W2 warp specimen close-up of 
hole formations; (d) B3W2 warp specimen close-up of hole formations. 
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The different burning behaviours and decomposition rates of the common aramid warp yarn 
compared to the two, alternating weft yarns of different fibres (i.e. Superfine merino yarn 
and/or FR Viscose/Nomex® intimate blend yarn), most likely contributed to the instability of 
the irradiated Experimental fabric's char once cooled. Although both Experimental fabrics 
B1W2 and B3W2 failed to comply with the Standard, B3W2 fabric's picking order of the 
different weft yarn insertions (refer to Chapter 3.4.2 for modified 2/1 twill weave repeat unit 
cell), appeared to slightly outperform B1W2 during irradiated Limited Flame Spread testing. 
This was made evident by the size of the holes formed, as shown in Figure 5.27 (d). 
 
Given that Standard thermal requirements are meant for primary firefighting outer-shell 
materials (Turnout), and not for Station Wear, the two Experimental fabrics failed only 
because of small holes, and not because of any other failure criteria. The Limited Flame 
Spread Standard's simple Pass or Fail rating was limiting in that with only a Pass/Fail option, 
there was no assessment mechanism to expand on the results to indicate whether the fabric 
failed badly, or passed easily. Although both of the irradiated Experimental fabrics failed in 
their warp, if more replicates could have been tested, it is possible that some may have been 
assessed as a Pass.  
 
Of the three, irradiated Station Wear fabrics retested for their Limited Flame Spread 
performance, only the Commercial MCA fabric complied with Standard thermal requirements 
in both the fabric's warp and weft directions, both before and after irradiation. In addition to 
using an intimately blended 50/50, Nomex®/Lenzing FR® yarn in the warp and weft, fabric 
cover is higher in plain weaves due to the close interlacing of yarns. Therefore, it is possible 
that the combination of these three factors increased the opacity of the MCA fabric to UV 
radiation (Crews, Kachman & Beyer 1999; Sarkar 2005).  
 
Dyes can be effective in increasing the sun-blocking properties of fabrics because the addition 
of UV absorbers improves UV protection by allowing organic, or inorganic colourless 
compounds to absorb in the wavelength range (i.e. approximately 280 nm to 400 nm) (Crews, 
Kachman & Beyer 1999; Davis et al. 1997; Gambichler 2011; Holmer 2005; Nazaré et al. 
2012; Saravanan 2007; Singh & Singh 2013; Vecchia et al. 2007). 
 
Sunlight intensity and exposure time contribute to the effect of UV on a textile material. 
Fabrics woven in coarser yarn counts are often able to block more UV from the skin than 
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those woven in finer yarn counts (Crews, Kachman & Beyer 1999; Dubrovski 2010; 
Gambichler 2011). However, depending on fibre type/chemistry, yarn count, blend, tightness 
of the weave, fabric weight, and the presence of dyes or UV absorbers, predicting fabric 
porosity and UV transmission based mainly on fabric cover is inadequate (Sarkar 2005, p. 
365). 
 
Unlike the Commercial MCA fabric, Experimental fabrics B1W2 and B3W2 were not dyed as 
part of their finishing process. This may, or may not have contributed to the Commercial 
MCA fabric's Pass rating, and the Experimental fabric's Fail ratings given in accordance with 
Standard thermal requirements. However, the likelihood of passing test requirements 
decreases as exposure time increases. 
 
While the UV-blocking properties of dyes that could be used to increase the protective ability 
of fabrics may be influenced by colour, depth of shade, or the type of fibre it is applied to, the 
dyestuffs responsible for protection must also be colourfast to washing, perspiration, sunlight, 
and bleaching for the life of the fabric (Buckley 2005; Dubrovski 2010; Gambichler 2011, p. 
53; Saravanan 2007; Sarkar 2005).   
 
The implication of heat-resistant, fire-resistant fabrics containing higher percentages (e.g. ≥ 
50%) of aramid fibres like Nomex®, raises the question of service lifetime and how often the 
protective uniform should be replaced. Tests that periodically evaluate the protective 
performance of fabrics once in use, are required to prevent performance levels from falling 
below minimum Standard requirements, which can endanger the safety of the wearer. 
 
Based on the experimental irradiated Tear Resistance results and irradiated Limited Flame 
Spread results of the three single-layer, heat-resistant Station Wear fabrics, the assumption 
that the integrity of uniforms after UV exposure is maintained, may well be misplaced. In 
addition, assuming that career Structural and Wildland firefighters encounter approximately 
80 hours/month of direct or indirect daylight during their day shifts, scheduled twice weekly 
(based on the 10/14 roster), a useable lifetime in a worst case scenario of approximately 4 
months (equating to just over one summer season), has been identified. 
 
Since Experimental fabric weights (B1W2 = 145 g/m
2
, B3W2 = 149 g/m
2
) were considerably 
lighter than the Commercial MCA fabric (166 g/m
2
), it may be suggested that a compromise 
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in the flame performance required for irradiated Station Wear fabrics weighing less than 145 
g/m
2 
should exist. By implication, the reduction in Experimental fabric weights compared to 
the Commercial MCA fabric may have been sufficient to decrease these fabrics' tear and 
flame resistances once exposed. Keeping in mind that the level of exposure may increase 
depending on the proximity of the firefighter to a fire, the duration of firefighting, and the 
type of Personal Protective Clothing (PPC) worn, the predicted service lifetime of these 
protective fabrics may alter.  
 
Furthermore, studies by Day and Wiles (1974) and Kirkwood (1977), suggest that in addition 
to artificial light sources and outdoor sunlight, Nomex® polymers are also susceptible to 
sunlight transmitted through window glass (Day & Wiles 1974; Kirkwood 1977). 
Consequently, firefighting Turnout Gear that is not stored correctly away from direct and 
indirect sunlight in Fire Stations, is more likely to encounter further degradation. A similar 
incidence of degradation is likely for Station Wear fabrics due to frequency of wear. Since 
UV (280 to 400 nm) has significantly damaging effects on both synthetic and natural fibre 
fabrics (Hu 2008), this issue is not exclusive to Station Wear fabrics containing Nomex®.   
 
Hence, the capacity of high-performance materials such as Nomex® to retain their inherent 
flame-resistance and durability properties, is important for maintaining the integrity of 
protective clothing materials throughout their projected product life-cycle.  
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Chapter 6: Conclusions & Recommendations 
 
6.1 Conclusions 
Achieving a balance between protection and comfort is the most common contradiction in 
designing an effective, yet functional protective fabric. Concentrating on the middle clothing 
layer in a firefighting ensemble, the protective capabilities of current Australian firefighting 
Station Wear uniforms lack fire resistance and fitness for purpose, in terms of durability and 
wear comfort. Other than performing as functional, secondary protective work wear, Station 
Wear should serve to protect firefighters against additional harm in the event that Turnout 
Gear is compromised during primary firefighting operations. 
 
With emphasis on improved protection and functionality, the required performance properties 
of Station Wear fabrics were considered taking into account the impact of the Australian 
climate (e.g. greater fire frequency, warming temperatures, humidity, radiation from the sun), 
on firefighter physiological response (e.g. physical work, metabolic heat production). Good 
wear comfort for firefighters relates to the fabric's capacity to transport or regulate the internal 
and external heat as well as moisture (e.g. sweat, or water from fireground activities), from 
the human body out into the surrounding environment in order to reduce the physiological 
stress (e.g. heat stress, cardiovascular strain, and fatigue) to maintain thermal balance and job 
performance levels. 
 
An evaluation of current Station Wear materials used by Australian Fire & Rescue Services, 
revealed that secondary protective work wear fabrics either provide thermal protection, or 
wear comfort, but rarely both properties simultaneously. In developing the Experimental 
fabrics, the functionality requirements of Station Wear (i.e. protection, strength, durability and 
maintenance, thermo-physiological comfort, and aesthetics), along with the desired physical 
attributes helped in the selection of raw materials (fibres and yarns) and fabric design. For 
Personal Protective Clothing (PPC), woven fabrics were favored for their superior strength, 
greater stability and protective performance properties. Inherent (i.e. Nomex®, FR viscose) 
and naturally flame-resistant (FR) fibres (i.e. merino) that have higher Limited Oxygen 
Indices (LOI), were selected for Experimental weaving production to eliminate the need for a 
dipped or spray-on FR fabric finish such as Proban®, since such finishes can be a potential 
skin irritant and carcinogen for firefighters. Because of the need to use a common warp, 
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Experimental fabric blending was limited to the selection of different combinations of fibres 
for weft yarns, and their picking orders. 
 
The purpose of this work was to produce a light-weight woven, Station Wear fabric better 
than those currently in use. Such an alternative was achieved using a combination of natural, 
FR man-made cellulosics, and synthetic blended yarns intended for mid-layer secondary 
protective applications. 
 
Unless Station Wear is intended to perform as a single protective layer (e.g. in Wildland 
firefighting), in which case it is required to be certified to AS/NZS 4824:2006, no 
performance-based Standard specifically exists for Australian firefighting Station Wear. 
Therefore, the Commercial and the Experimental fabric performances were evaluated and 
compared using either a series of thermal, mechanical, and thermo-physiological comfort tests 
intended for Turnout Gear, or selected from existing Australian/New Zealand firefighting 
PPC Standards (AS/NZS 4824:2006 and AS/NZS 4967:2009) and Industrial Clothing 
Standard AS 2919-1987.  
 
Testing was carried out in two stages. Stage One involved testing the nine woven, single-
layer, Station Wear fabrics (i.e. the one Commercial Master Control A (MCA) fabric, and the 
eight Experimental fabrics) for the following properties: Limited Flame Spread, Thermal 
Resistance (Rct), Water-vapour Resistance (Ret), Tear Resistance and Tensile Strength. From 
these tests, the following was concluded:  
 
Limited Flame Spread (Surface Ignition) 
Six of the eight Experimental fabric's (i.e. B1W1, B2W1, B2W2, B3W1, C1W1 and C1W2) 
were not selected to proceed to Stage Two testing based on their flame performance, although 
none of the nine fabrics tested exhibited after-glow, flaming or molten debris. Only the 
Commercial MCA fabric (166 g/m
2
) and Experimental fabrics B1W2 (145 g/m
2
) and B3W2 
(149 g/m
2
) complied with the Standard (AS/NZS 4824:2006), easily passing thermal 
requirements based on the performance needed for outer-shell (Turnout) materials. This was a 
significant accomplishment considering that B1W2 and B3W2 had much lighter fabric 
weights. 
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Variability in the Commercial and the Experimental fabrics' burning behaviour was 
influenced by their structural properties. As the two lightest Experimental fabrics, B1W1 (137 
g/m
2
) and B3W1 (140 g/m
2
) almost passed Standard thermal requirements, but failed due to 
several tiny holes forming in their warp char structure. In addition, B3W1 failed due to 
similar holes forming in the fabrics weft direction. Changing the common aramid warp yarn 
in B1W1 may give a better performance overall in future designs, seeing that failure occurred 
in the fabric's warp replicates only.  
 
The 2/1 twill weave structure of the B2W2 and C1W2 fabrics, provided better initial flame 
spread performances compared with plain-woven fabrics of the same blend. The weaker 
merino weft yarns were however, susceptible to ignition, and burnt away completely in the 
areas affected by flame spread, leaving behind only the charred remnants of the aramid warp 
yarns in each sample. In general, Experimental fabric blends containing 50/50 aramid/merino 
(B2 and C1) failed to comply with Standard Flame Spread requirements. 
 
Thermal (Rct) and Water-vapour (Ret) Resistances 
Fibre blend, weave sett and structure, fabric weight and physical properties influenced the 
Thermal Resistance (Rct) and Water-vapour Resistances (Ret) of the Commercial, and the 
Experimental fabrics.  
 
All nine fabrics easily complied with Rct and Ret Standard requirements. Experimental fabrics 
B1W1, B2W1, B3W1 and C1W1 constructed in a plain weave, produced lower Rct and Ret 
values overall. Since wool is a hygroscopic fibre that can manage small amounts of moisture 
without losing its insulation properties, three of the top four Water-vapour Resistance (Ret) 
values came from Experimental fabric blends containing Superfine merino (i.e. B3W1, 
B2W1, B3W2).  
 
With the exception of the heaviest Experimental fabric C1W2 that returned the highest overall 
Water-vapour Resistance value, the remaining seven Experimental fabrics either 
outperformed, or matched the Commercial MCA fabric, indicating that they had better water 
transmission properties from the inside to the outside of the fabric, that would facilitate 
firefighter thermal equilibrium in hotter climates. Given that B1W2 and B3W2 both complied 
with Standard flame performance requirements, their respective Thermal and Water-vapour 
Resistance values indicated that they were better than the Commercial MCA fabric. 
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Tear Resistance 
Fibre blend, yarn strength, weave structure (and to a lesser extent, the weft sett) influenced the 
Tear Resistance of the Commercial and the Experimental fabrics. Seven of the eight 
Experimental fabrics complied with minimum AS 2919-1987 requirements for Tear 
Resistance. 
 
Combined with its lower pick destiny, the Commercial MCA fabric's inherently weaker 
Nomex®/Lenzing FR® intimate blend yarn, resulted in the MCA fabric failing to comply in 
the weft direction. In contrast, different warp and weft yarn strengths contributed to the 
irregular weft tearing behaviour of Experimental fabric B2W1, whereby a change in crosswise 
tear direction was observed and the path of least resistance was taken via the weaker merino 
weft yarns. Since the failure mechanism was not what the test had intended, the results were 
discounted in accordance with Standard test procedures. The tear and flame performance of 
B2W1 may be improved if the Superfine merino weft yarn was intimately blended with a 
stronger fibre such as Nomex®.  
 
Higher weft tearing forces were obtained when the Experimental fabrics were woven in a 2/1 
twill, since yarns could better group together to resist tear. Five of the eight Experimental 
fabrics (i.e. B1W2, B3W1, B3W2, C1W1, C1W2) obtained weft tear resistances exceeding 25 
N, easily complying with Industrial Clothing and Wildland firefighting PPC Standard 
requirements (20 N for AS 2919-1987 and AS/NZS 4824:2006 respectively), and Structural 
firefighting PPC Standard requirements (25 N for AS/NZS 4967:2009) for primary outer-shell 
materials. In addition to easily passing the Limited Flame Spread requirements, B1W2 and 
B3W2 had the highest weft tear resistances of the group. 
 
Tensile Strength 
Given that the nine, single-layer Station Wear fabrics were woven with similar end/pick 
densities, fibre blend and weft yarn strength were the primary cause of performance 
differences between the Commercial MCA fabric and the eight Experimental fabric tensile 
strengths, rather than the weave structure or sett. As a result, all eight Experimental fabrics 
failed to comply with the very high Standard requirements designated for primary protective 
firefighting outer-shell (Turnout) materials. 
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In contrast to Tear Resistance, the Commercial fabric's compliance with Standard 
requirements may be attributed to the Nomex®/Lenzing FR® intimate yarn blend in the warp 
and weft. Compared to the Experimental fabric's high-strength, common aramid warp yarn, 
lower weft failure loads were evident in fabric blends containing Superfine merino (B2W1, 
B2W2, B3W1, B3W2). The highest weft tensile forces obtained occurred in Nomex®/FR 
Viscose blends (B1W1, B1W2). Intimate yarn blends using suitable high-strength fibres may 
improve the tensile and comfort properties of the Experimental samples overall, without 
increasing final fabric weight.  
 
As a result of the Stage One assessment round, two (i.e. B1W2 and B3W2) of the eight 
Experimental Station Wear fabrics were selected as the best-candidate-fabrics to progress, 
with the Commercial MCA fabric, to the Stage Two round of testing (based on the number of 
Pass ratings, see Table 6.1). The two Experimental fabrics were selected because they 
exhibited very good-to-excellent fire-resistance, tear strength and thermo-physiological 
comfort properties. Although failing to pass the very high Tensile Strength Standard 
requirements (≥ 450 N) intended for Turnout in the Experimental fabrics weft directions, both 
B1W2 (340 N) and B3W2 (270 N) were close considering their end use as Station Wear. 
 
Table 6.1 Pass/Fail ratings Summary after Stage One Testing for the Commercial and the 
eight Experimental fabrics  
Property MCA B1W1 B1W2 B2W1 B2W2 B3W1 B3W2 C1W1 C1W2 
Limited Flame 
Spread 
(Pass/Fail) 
Pass Fail Pass Fail Fail Fail Pass Fail Fail 
Tear Resistance 
(≥ 20 N) 
Fail Pass Pass Fail* Pass Pass Pass Pass Pass 
Tensile Strength 
(≥ 450 N) 
Pass Fail Fail Fail Fail Fail Fail Fail Fail 
Thermal 
Resistance, Rct 
(< 0.055 m2 K/W) 
Pass Pass Pass Pass Pass Pass Pass Pass Pass 
Water-vapour 
Resistance, Ret  
(< 10 m2 Pa/W) 
Pass Pass Pass Pass Pass Pass Pass Pass Pass 
*Due to irregular weft tearing behaviour, the results were discounted in accordance with Standard test 
procedures. 
 
 
Stage Two involved testing the two best-candidate Station Wear fabrics (Experimental fabrics 
B1W2 and B3W2), along with the Commercial MCA fabric, for a number of other relevant 
tests. The first two of these consisted of heat shrinkage (Convective Heat Resistance), and 
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liquid moisture performance (Moisture Management Tester (MMT)). The following was 
concluded: 
 
Convective Heat Resistance 
As the only test method that specified heat performance requirements for Station Wear 
materials, the Convective Heat Resistance of the Commercial and the Experimental fabrics 
was influenced by fibre type and blend ratio. Overall, heat shrinkage was within limits set by 
the given Standard (AS/NZS 4824:2006), due to the relatively high thermal stability of 
Nomex® in each fabric blend. The Commercial MCA and Experimental B1W2 fabric blends 
produced similar shrinkage results, since both contained a Nomex®/FR Viscose intimate 
blend weft yarn. Experimental fabric B3W2 (50/25/25 aramid/FR Viscose/Nomex® intimate 
blend/Superfine merino) encountered issues during washing pre-treatment because it 
contained a non shrink-proof merino weft, which prevented it from being thermally tested. 
 
Fabric shrinkage was marginally higher (up to 0.5-1%) in laundered samples after exposure to 
convective heat (180°C). All three fabrics remained functional prior to washing pre-treatment, 
however only the Commercial MCA and B1W2 fabrics complied with Standard thermal (e.g. 
no ignition, hole formation, melting, dripping or separation of specimen) and dimensional 
stability requirements (< 5% heat shrinkage for Station Wear materials) after washing pre-
treatment. Both fabrics should not contribute to further burn injury severity, however B1W2 
(145 g/m
2
) performed slightly better than the Commercial MCA fabric (166 g/m
2
) after 
washing pre-treatment, especially considering its lighter fabric weight.  
 
Moisture Management Tester (MMT) 
The fibrous materials used in the three blends and to a lesser extent, the weave structure, 
influenced the liquid moisture transfer properties of the Commercial MCA fabric (50/50 
Nomex®/Lenzing FR® intimate blend, plain weave), and Experimental fabric's B1W2 (50/50 
aramid/FR Viscose, Nomex® intimate blend, 2/1 twill) and B3W2 (50/25/25 aramid/ FR 
viscose, Nomex® intimate blend/superfine merino, 2/1 twill). The amount of moisture able to 
be absorbed and desorbed by the fibres impacted the water transmission and drying 
properties, therefore yarn selection early in the manufacturing process was based on fibre 
properties pertaining to this.  
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In contrast to the comparative Commercial Melba Fortress® Turnout fabric which was 
subsequently found to be a water-proof fabric, the liquid moisture transfer properties of all 
three Station Wear fabrics indicated that they would be effective in reducing the possibility of 
steam burns and heat stress. Thus, the Commercial MCA fabric was classified as 'fast 
absorbing and quick drying' (OMMC = 2.5), while B1W2 and B3W2 were classified as 
'moisture management fabrics' (OMMC = 4 and 4.5 respectively), signifying that both fabrics 
should effectively wick and manage liquid moisture to improve wear comfort and keep skin 
dry. 
 
Taking into consideration the Convective Heat Resistance, the moisture management 
performance (Moisture Management Tester), and previous Thermal (Rct) and Water-vapour 
(Ret) Resistances, Experimental fabric B1W2 outperformed the Commercial MCA fabric, 
making it the most suitable woven, single-layer, fire-resistant Station Wear fabric in a light-
weight alternative, to support firefighter thermal equilibrium in hotter climates. However, the 
Tear Resistance and moisture management performance of B3W2 were slightly better than 
both B1W2 and the Commercial MCA fabric. All three fabrics supported evaporative heat 
loss by facilitating moisture transfer through the fabric structures and heat transmission 
through the material to the outer environment, reducing negative tactile sensations such as 
feeling damp or clammy. 
 
 
With Australia's warming climate increasing both fire risk and exposure to harsh 
environmental conditions, significant decreases in the durability and service life of protective 
materials containing aramid fibres, are likely due to increased exposure to ultraviolet (UV) 
radiation. The initial UV experiment (Stage One Testing) confirmed that considerable tensile 
strength loss in the Commercial MCA fabric occurred, by more than 20% after just 14 days 
(336 h) exposure, to the point that the fabric's mechanical performance properties fell below 
minimum (Turnout) Standard requirements. The first round of UV testing provided grounds 
for additional experimental UV testing on the three best-candidate Station Wear fabrics, to 
evaluate both their tear and flame performance properties after 14 days of irradiation.  
 
Due to third-party reliance, constraints on laboratory equipment/accessibility, and limited 
Experimental fabric lengths, investigating the effects of UV light degradation on the 
protective and mechanical performance properties of Station Wear fabrics, was limited to a 
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single 336 h (or 14 days) exposure using an artificial MBTF light source (500 W, Mercury 
Tungsten Filament, Internally Phosphor-Coated (MBTF)). Under the prescribed conditions, 
this exposure caused yellowing of the undyed Experimental fabrics, fading of the dyed 
Commercial MCA fabric, and thinning in all three samples. 
 
From the experimental results, it was concluded that this UV radiation negatively impacted 
both the mechanical and flame performance properties of all three Station Wear fabrics tested. 
In general, degradation increased in the fabrics that contained higher blends of meta-aramids 
and could be attributed to the breakdown in the molecular structure of the aramid fibres. This 
caused premature mechanical failure and compromised flammability performance, and so 
limited the durability and service life. 
 
The structural properties of the Commercial MCA fabric and the two Experimental Station 
Wear fabrics influenced the level of UV degradation which occurred. Fibre type, blend, and 
differences in yarn strengths influenced irradiated tear and flame-resistance properties. The 
tear resistance of both B1W2 and B3W2 decreased by more than 70%, whereas the 
Commercial MCA fabric's tear resistance decreased by more than 45% during the 14 day 
exposure period. Subsequently, the three irradiated fabrics' mechanical performance 
properties were significantly reduced below minimum AS 2919-1987 requirements. 
 
Compliance of the irradiated Commercial MCA fabric to Limited Flame Spread Standard 
requirements was marginal, since visual indications of degradation (e.g. fabric fading) were 
evident. Both of the irradiated Experimental fabrics also failed to comply with the Standard, 
but only due to tiny holes forming in the warp replicates, so the failures may be regarded as 
near-compliant.   
 
Changing the common aramid warp yarn in both the B1W2 and B3W2 fabrics may give a 
better irradiated flame performance overall, since the warp yarn was identified as the 
consistent point of failure. By implication, the initial Limited Flame Spread performance of 
Experimental fabric B1W1 may also be similarly improved since the fabric was previously 
rejected for the same reason. Thus, there was a possibility that three Experimental fabrics, 
instead of two, could have progressed to Stage Two testing.  Experimental fabrics B1W2 and 
B3W2 fabrics could also have passed the irradiated Limited Flame Spread test if multiple 
replicates had been available for testing. In view of these results and the dependence on a 
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simple Pass/Fail decision, perhaps a better flame test could have been selected to better 
distinguish the point of failure (e.g. a time-based measurement indicating how well, or how 
badly a given fabric passed or failed the test). 
 
Since all three Station Wear fabrics had higher end-to-pick densities, warp yarn composition 
was the most important parameter in trying to maintain the fabric's original tear and flame-
resistance properties, once irradiated. Chemical finishing (dyeing) of the Commercial MCA 
fabric could also have altered the degree of absorption of UV radiation that damaged 
underlying fabric-fibres in the undyed, Experimental fabrics. In light of the irradiated tear and 
flame-resistance results, the FR Viscose/Nomex® intimate blend weft yarn may be a suitable 
replacement for the UV-sensitive common aramid warp yarn, without significantly affecting 
fabric strength performance or moisture transfer properties.  
 
Although the thermal and UV aging of protective clothing plays a key role in durability and 
determining the service life of materials (beyond the normal question of frequent 
washing/cleaning and correct storage conditions), the performance properties of firefighting 
Station Wear materials containing aramids (Nomex® and Kevlar® blends) once exposed, is 
largely unexplored and undocumented.  
 
As secondary protective work wear that is regularly exposed to different environmental 
conditions, the mechanical and protective performance properties of the irradiated 
Commercial, and Experimental Station Wear fabrics are significant for the firefighter's 
personal protection, especially in the event that Turnout is compromised during primary 
firefighting operations. 
 
The objective of this study was to produce light-weight, fire-resistant Station Wear fabrics 
superior to those currently commercially-available. This objective was successfully achieved 
by Experimental fabrics B1W2 and B3W2. Despite being tested to overly-stringent Standards 
and test conditions primarily designed to evaluate primary protective Turnout materials, it 
was observed that both B1W2 and B3W2 fabrics performed close to these highest 
expectations, with further thermal (Convective Heat Resistance) and physiological (Moisture 
Management Tester) testing also confirming their superior performance properties.  
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However, both best-candidate Experimental fabrics were not compliant with the Tensile 
Strength requirements required for outer-shell (Turnout) materials because they were not 
intended for that end-use. Similarly, the Commercial MCA fabrics Tear Resistance did not 
comply with Standard requirements for the same reason. Overall, the weft tensile failure loads 
obtained by Experimental fabrics were not far below Standard Turnout compliance. As a 
result, not one of the three best-candidate (Commercial MCA, Experimental fabrics B1W2, 
B3W2) fabrics met both mechanical performance criteria selected (i.e. Tear or Tensile 
Strength). 
 
The UV experimental results confirmed that protective fabrics containing UV-sensitive 
aramid fibres suffered from significant strength loss, with new experimental test data 
revealing that the flame performance of irradiated fabrics could also be degraded. Based on 
the 10/14 shift-system for career Structural and Wildland firefighters, a useable lifetime in a 
worst-case scenario of approximately 4 months (equating to one summer season) has been 
identified from the experimental UV results, under prescribed laboratory exposure conditions. 
However, these results should be regarded as approximations only, since they do not represent 
actual field conditions (e.g. exposure frequency to temperature, humidity, sunlight and non-
primary firefighting scenarios), or their likely performance as part of multi-layered fabric 
systems (i.e. under Turnout).  
 
In general, projected time-based life expectancies of firefighting PPC are problematic due to 
material compliance being based on new unworn fabrics. Despite International Standard 
ISO/TR 21808:2009 (E) specifying guidance for the selection, use, care and maintenance of 
PPE, the Standard falls short in providing further quantitative measures of degradation for the 
continued use of protective materials and garments including the effects of washing. In view 
of the experimental UV results, and to prevent firefighting protective clothing from falling 
below minimum Standard requirements, current Structural (AS/NZS 4967:2009) and 
Wildland (AS/NZS 4824:2006) firefighting PPC Standards should endeavor to include test 
methods or procedures that contain a UV component, that would periodically assess the flame 
and strength performances of protective fabrics once in use, and so then determine useful 
lifetimes before mandatory replacement.  
 
Based on the pre-exposure results obtained, B1W2 and B3W2 fabrics would be the most 
suitable for use in career firefighting (Structural and Wildland) Station Wear applications, and 
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by implication, for volunteer firefighters, where clothing worn in place of formal Station 
Wear is not regulated, or pre-supplied along with Turnout. Other practical applications extend 
to countries where firefighters experience similar climatic conditions, fire weather and heat 
tolerance issues whilst wearing protective ensembles. Beyond firefighting PPC, suitable 
applications of this work may also include other professions where fire is a potential risk (e.g. 
petrochemical, foundry, oil drill workers, etc.).  
 
Since none of the Standards used to evaluate and compare the Commercial and Experimental 
fabrics specifically apply to Station Wear, such a series of standardized tests should be 
assembled with appropriate modifications so that they are better suited towards secondary 
protective clothing applications, not as stringent as outer-shell (Turnout) material 
requirements, but more stringent than ordinary work wear.  
 
6.2 Recommendations 
The following areas have been identified for future work:  
 An Australian Standard for firefighting Station Wear, or an equivalent-usage work 
wear Standard is required to clearly define the thermal, mechanical, and comfort 
performance requirements of secondary protective fabrics, for both career and 
volunteer firefighters. Adaptations of the Standard could apply to work wear for 
professionals who may be under threat from fire, including petroleum works, oil-well 
workers, foresters, foundry workers etc. 
 To avoid increasing physiological stress and the total weight of a firefighter's 
protective ensemble, in the interim, sub-sections of current AS/NZS firefighting PPC 
Standards are necessary to outline the different fabric performance requirements of 
Station Wear materials compared with the primary protection required for outer-shell 
(Turnout) materials/garments alone. 
 A defined Station Wear uniform replacement rate should be considered in order to 
limit the effects of degradation on protective fabric properties, due to UV exposure, 
daily wear and laundering conditions. The risk is that firefighters not being protected 
outweighs the associated costs of such as scheme. 
 The identified reduction in strength and fire performance of Station Wear fabrics 
degraded by UV exposure, implied that Turnout Gear will be similarly affected. 
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Therefore, Turnout Gear should be similarly assessed for strength and flame-
resistance after UV exposure.  
 To gain statistical significance, testing Station Wear fabrics of different fibres and 
blends, in larger sample sizes would create a greater understanding of the implications 
involved in exposing protective fabrics to UV light. In addition, it may assist Fire & 
Rescue Services in estimating a more realistic retirement age for firefighting 
protective clothing. 
 Repeating the irradiated flame-resistance testing with adequate sets of warp and weft 
replicates would be worthwhile, to further validate degradative results and the effects 
of UV exposure on aramid-blend protective fabrics. 
 Further investigations would be worthwhile to assess the Convective Heat Resistance, 
and liquid moisture management properties of irradiated Station Wear fabrics, to 
evaluate if degradation of the fabric's performance would also occur with these 
parameters. 
 By evaluating three-dimensional heat flow through a firefighter's protective ensemble, 
the thermal and evaporative resistances of Experimental fabrics can be incorporated in 
Station Wear garments, and tested in conjunction with base-layer (undergarments) and 
outer-shell (Turnout) materials using a thermal manikin. 
 Since dyes can be effective in increasing the sun-blocking properties of fabrics, dyed 
Station Wear fabrics containing UV absorbers may help to reduce the initiation of 
degradation in aramid fibres when exposed to natural, and artificial light sources, in 
addition to protecting a firefighter's skin from harmful UV rays. 
 Since Nomex® polymers are susceptible to sunlight transmitted through window 
glass, UV light-resistant windows should be installed in Fire Stations to reduce further 
exposure and degradation of firefighting PPC. 
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Appendix A 
 
 
National Database on PPE Compliance with Standards 
 
Reference Standard Type of PPE 
 
AS/NZS 4824: 2006 Australian/New Zealand Standard – Protective Clothing for Wildland 
Firefighting 
AS/NZS 4967: 2009 Australian/New Zealand Standard – Protective Clothing for Firefighters, 
Structural Firefighting 
AS/NZS 4821: 2014 Australian/New Zealand Standard – Protective Footwear for Firefighters 
AS/NZS 2210.3:2009 Australian/New Zealand Standard – Occupational Footwear 
AS/NZS 4067: 2012 Australian/New Zealand Standard – Structural Firefighting Helmet 
AS/NZS 2161.6: 2014 Australian/New Zealand Standard – Structural Firefighting Glove 
AS/NZS 1801: 1997 Australian Standard – Occupational Protective Helmets, Wildland 
Application 
AS 3765.1 - 19901 
 
Clothing for protection against hazardous chemicals - Protection against 
general or specific chemicals 
BS EN 443: 2008 British/European Standard – Protective Helmets for Structural Firefighters 
BS EN 345-1: 19932 British/European Standard – Protective Footwear for Firefighters 
EN 388 European Standard - designed to assess the performance of a fabric or 
layers of fabric for their ability to resist heavy rubbing, cutting by a blade 
or sharp object, tearing, and puncture by a pointed object 
BS EN 397:19953 British/European Standard – Industrial Safety Helmets, Wildland 
Application 
BS EN 469: 2005 British/European Standard – Protective Clothing for Firefighters, 
Structural 
BS EN 659: 2003 
+A1:2008 
British/European Standard – Protective Gloves for Structural Firefighters 
BS EN 14605: 2005 British/European Standard – Protective Clothing Against Liquid 
Chemicals - Performance Requirements For Clothing With Liquid-tight 
(type 3) Or Spray-tight (type 4) Connections, Including Items Providing 
Protection To Parts Of The Body Only (types Pb [3] And Pb [4]) 
BS EN 374.1: 2003 British/European Standard – Protective Gloves Against Chemicals And 
Micro-organisms - Part 1: Terminology And Performance Requirements 
BS EN 943.1: 2002 British/European Standard – Protective Clothing Against Liquid And 
Gaseous Chemicals, Including Liquid Aerosols And Solid Particles - Part 
1: Performance Requirements For Ventilated And Non-ventilated "gas-
tight" (type 1) And "non-gas-tight" (type 2) Chemical Protective Suits  
BS EN 943.2: 2002 British/European Standard – Protective Clothing Against Liquid And 
Gaseous Chemicals, Including Liquid Aerosols And Solid Particles - Part 
2: Performance Requirements For "gas-tight" (type 1) Chemical Protective 
Suits For Emergency Teams (et 
NFPA 1971: 2013 National Fire Protection Association – Standard on Protective Ensemble 
for Structural Firefighting 
NFPA 1994: 2012 National Fire Protection Association – Protective Ensembles for First 
Responders to CBRN Terrorism Incidents 
NFPA 1991: 2005 National Fire Protection Association – Vapour-Protective Ensembles for 
Hazardous Materials Emergencies 
1. Superseded by AS/NZS 4503.1:1997; AS/NZS 4503.2:1997; AS/NZS 4503.3:1997 and AS.NZS 
ISO 6529:2006 (in part) 
2. Replaced by BS EN ISO 20345: 2004 
3. Replaced by BS EN 397:2012 +A1:2012 
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Appendix A (cont.) 
 
Australian Fire & Rescue Service Standard Compliance for PPE/PPC Summary 
 
Type of PPE/PPC Standard Compliance 
Structural Ensemble1 AS/NZS 4967:2009 
AS/NZS 4967:2009, type 2  
AS/NZS 4967:2009, when worn with station trousers  
BS EN 469: 2005 
ISO 11613:1999 
Bushfire Jacket AS/NZS 4824:2006 
ISO 15384:2003 
Bushfire Pants AS/NZS 4824:2006 
AS/NZS 4967:2009 
Station Trousers None 
AS/NZS 4824: 2006 
AS/NZS 4967:2009  
NFPA 1975:2009  
Station Shirt None 
AS 2919:1987  
Firefighting Gloves AS/NZS 4967:2009 
AS/NZS 2161.6: 2014  
BS EN 659: 2003+A1:2008 
NFPA 1971:2013 
EN 388 
Firefighting Helmet AS/NZS 4067:2012 
NFPA 1971:2013 
BS EN 443:2008 
AS/NZS 1801:1997, Type 3  
BS EN 397:2012 +A1:2012  
Flash Hood NFPA 1971:2013 
Firefighting Boots AS/NZS 4824:2006 
AS 4821:2014 , type 1  
AS 4821:2014, type 2  
AS 4821:2014, type 3  
NFPA 1971:2013 
BS EN 345-1:19932 
AS/NZ 2210.3:2009  
Splash Suits NFPA 1994:2012 
AS 3765.1:1990, General purpose Class 33 
NFPA 1991:2005 
EN 14605:2005 
BS EN 369:19934 
EN 1511 
Gas Suits BS EN 943.1: 2002 
BS EN 943.2: 2002 
EN 14605: 2005 
NFPA 1991: 2005 
1. All Structural Turnout fitted with moisture barriers except for NTFRS. 
2. Replaced by BS EN ISO 20345: 2004 
3. Superseded by AS/NZS 4503.1:1997; AS/NZS 4503.2:1997; AS/NZS 4503.3:1997 and 
AS/NZS ISO 6529:2006 (in part) 
4. Superseded, withdrawn and replaced by BS EN ISO 6529:2001    
 
 
 
